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LETTER OF TRANSMITTAL.

DEPARTMENT OF THE INTERIOR,
UNITED STATES GEOLOGICAL SURVEY,
- DivisioN oF HYDROGRAPHY,
- Washington, July 15, 1898.

SiR: I have the honor to transmit herewith a manuscript entitled
Experiments with Windmills, prepared by Mr. Thomas O. Perry.
These experiments, as described by Mr. Perry, were carried on during
the years 1882 and 1883 for the United States Wind Engine and Pump
Company, of Batavia, Illinois. As a result of these experiments radi-
cal changes and improvements were made in the windmills. As a
matter of business policy the company did not desire that the results
of these tests should be made known for some years. After the expi-
ration of a certain time, however, the data have been placed at the
disposal of the public through the kindness of the officers of the com-
pany and the efforts of Mr. Perry. Although as the result of this work
great changes have been made in windmills, many of the suggestions
made have not yet been put into practice and may serve as a foundation
for further work along this line. The importance of the windmill as a
meahs of utilizing the water resources of a part of the country is so
great that all available information on the subject should be diffused
and brought to the attention of persons who can make use of the facts.
I respectfully request, therefore, that this manuscript, with a brief intro-
duction, be printed as one of the series of pamphlets on water supply
and irrigation.

Very respectfully,

F. H. NEWELL,
Hydrographer in Charge.
Hon. CHARLES D. WALCOTT, '

Director United States Geological Survey.












INTRODUCTION.

By F. H. NEWELL.

During the progress of investigation of the extent to which the arid
lands can be reclaimed by irrigation and of the related question of the
occurrence of water underground attention has been continually drawn
to the practical methods of bringing the underground water to the
surface. Throughout a great part of the arid and semiarid region there
are localities where water can be obtained at a short distance from the
surface. The amount, although not large in the aggregate when com-
pared with the quantity in some notable stream or lake, is yet inex-
haustible by the ordinary methods of pumping. If, therefore, this
water which exists from 10 to 50 feet beneath the surface could be
cheaply raised, it would be practicable to utilize for agriculture tracts
which otherwise have little or no value.

The irrigation of 20 acres in the midst of a section or township of
land is, figuratively speaking, a mere drop in the bucket; but the
reclamation of this small area generally means the utilization of adjoin-
ing lands. If, for example, 20 acres of some forage crop like alfalfa is
made possible, this will result in obtaining a considerable amount of
winter feed used in the sustenance of a herd which can be pastured
upon the surrounding dry land. The successful cultivation of this
20 acres may thus directly or indirectly support a family, and, with
increased experience and adaptation to the surrounding conditions,
the family may in turn give place to a rural community. Given the
existence of sufficient water underground to irrigate the 20 acres,
the first question is that of ways and means of bringing the water to
the surface. -

The force which is ever present, making itself persistently felt
throughout the Great Plains region, is the wind, which blows almost
continuously. It carries the dust before it,cuts out the traveled roads,
carries away the fine earth of the tilled fields, and builds up a fine
loess, almost everywhere to be found. The wind, which has so long
been considered as an annoyance and mischief-maker, has sufficient
strength to perform the work of bringing water to the surface, if only
suitable means of directing its energy can be discovered.

The windmill is the best-known method of converting wind energy
into work. In one form or another it has been used from times ante-

11



12 INTRODUCTION.

dating the dark ages. In the twelfth century windmills, built either
byiudividuals or by communities, were common. Some of these mills
were of enormous size. In the German type the whole
building on which the mill was placed was constructed
in such a manner as to turn on a post in order to bring
the sails into the wind. In the Duteh form the build-
ing was fixed, but the head of the mill could be turned
into the wind. The most notable use of these early
mills was in Holland, where the land was drained by
pumping water from behind the dikes into the sea. In
1391 the bishop of Utrecht, holding that the wind of
the whole province belonged exclusively to him, gave
to the convent at Windsheim express permission to
build a windmill wherever it was thought proper. In
so doing he overruled a neighboring lord who declared
that the wind in the district belonged to him. Three
years later the city of Haarlem obtained leave from
Albert, Count, Palatine of the Rhine, to build a wind-
mill, using the wind of the country.

The huge, clumsy windmills of European make, one
of which was erected at Lawrence, Kansas, within the
memory of the present inhabitants, have within a few
decades given place in this country to the light,
rapidly running forms. Thousands of these have been
made by various firms throughout the country, At
first wood was used almost exclusively, but this is
being rapidly displaced by metal, especially by thin
steel plates and forgings. Although millions of
dollars have been invested in the manufacture and
purchase of mills and much attention has been given
to the mechanical details and the saving in weight and
cost, yet comparatively little study has been bestowed
upon the actunal efficiency of the various forms and
upon their development toward theoretical ideals.

A view of gardens cultivated by water pumped by
windmills is shown in the accompanying plate (P1. II).
This picture has been taken from a windmill platform.
In the foreground is a small reservoir, divided by a
bank in the middle, so that one part may be used inde-
pendently of the other. The part nearer the observer
is the older; the second part is a recent addition, ren-
dered necessary by the increase of the area cultivated.
‘Without windmills the cultivation of the traet of coun-
try shown in this picture would be impossible. It is doubtfulif a single
cow could find subsistence on the area which now supports a family.
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F16. 1.—Vertical section through reservoir and outlet.

1 The Windmill as a Prime Mover, by Alfred R. Wolff, p. 51.







































INTRODUCTION. 17

and is again checked in these and forced out upon the beds lying on
each side of the furrow. When a certain portion is wet the small
gates are adjusted so as to force the water over other portions.

2
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Fia. 5.—Distribution of water to small beds.

‘Where land has a decided fall or is rolling and it is too expensive to
terrace, a system of distributing the water must be devised suited to the
contour of the ground. Tn the ease shown by the accompanying figure
(fig. 6) the water enters the distributing ditches at the upper left-hand

e ————

F16. 6.—Distribution system adapted to irregular land.
¢

coruer and, dividing, flows through these and again into still smaller

ditches, from which it is turned laterally into furrows. The flow is

checked from point to point by little dams or temporary obstructions of
IRR 20 2




18 INTRODUCTION.

earth. After the water passes out upon a field any surplué is caught
by a small trench shown in the figure as trending diagonally toward
the right-hand lower corner, and from this in turn the water can be
caused to flow out upon the lower fields, so that the excess or seepage
from the higher portions is not wasted but is employed in the irriga-
tion of the lower parts of the farm.

There are many other devices by which water pumped by windmills
may be stored and distributed, but those briefly described above are
‘among the most common. It is sufficient at this time to make mention
of these in order to bring out the fact that experiment has demonstrated
that it is practicable to irrigate land by water pumped by windmills.
Many farmers in various parts of the United States are dependent for
their living on this system of agriculture, and others are seeking to
gain knowledge by which they may better their condition by providing
a water supply for use in times of drounght. This is true not only of the
West, but of the East and the South, especially in regions where the
soil, though fertile, is light and becomes dry if the rains do not occur
with great regularity. Even on the Atlantic seaboard the early truck
farmers are experimenting with devices of this character, copying
methods which have already proved successful in Kansas. Modifica-
tions in mills and other machinery are doubtless necessary to suit local
conditions. For a given purpose one mill may be far better than
another, and of two wind engines similar in cost one may be actually
worth two or three times as much as the other.

The dynamometric experiments carried on by Mr. Perry, as described
in the following pages, have brought out many important points apon
which depend the relative efficiency of various mills and the advantages
of one type over another. Some of these points have alteady been con-
sidered and_made use of in mills now on the-market, while others of
equal or greater importance are awaiting practical application and
ingenuity. It is hoped that by the publication of these facts interest
will be aroused and inventors will be stimulated to continue work along
various lines, leading to further improvement and to a consequent
cheapening of the cost of ‘raising water by wind power.



EXPERIMENTS WITH WINDMILLS.

By THOMAS O. PERRY.

GENERAL STATEMENT.

The experiments with wind wheels described in- the following pages
were commenced June 1, 1882, and concluded September 15, 1883. At
that time wind wheels in this eountry were nearly all made with narrow
wooden slats for sails, set at various angles with the plane of the wheel,
ranging from 35 to 45 degrees. ’ -

The slats were usually placed as close together as possible without
having their projections on the plane of the wheel overlap. The pro-
portions of sail surface and their angles of weather were apparently
arrived at without any well-defined purpose. The only experiments
made in the United States, so far as could be learned, related to start-
ing forces only. They did not include the measurement of work in foot-
pounds. The only well-detined experiments with wind wheels, the
records of which were available, were those made in England by John
Smeaton, F. R. 8., about one hundred and twenty-five years before.
Smeaton’s paper, On the Construction and Effects of Windmill Sails,
was read before the Royal Society May 31 and June 14, 1759, and to
this day has remained the only detinite available source of information
on the subject treated. The paper was republished in Tredgold’s Tracts
on Hydraulics, a eopy of which was received before these expenments
were commenced.

It had been especially noted that Smeaton’s angles of weather were
much less than-those in common use in this country, and note had
also been taken of his statement to the effect that the work of a wind
wheel is not increased, but diminished, by crowding it with sails so
that their total surface exceeds about seven-eighths of the circular
area containing them. The universal practice here was to crowd the
wheel with slats until the total sail surface exceeded the total area of
the annular zone containing them by more than one-fifth of the whole
zone; according to Smeaton, this was adding to the greatest possible
effective sail area more than 39 per cent additional area of worse than
useless surface. If a large part of the material could be saved, and at
the same time a considerable increase in power be effected, no slight

19



20 EXPERIMENTS WITH WINEMILLS. 150. 20,

gain would be secured. Smeaton’s experiments were made so long ago
that they were disregarded, if they were ever noticed, by the builders
of modern wind wheels. Our experiments fully confirmed Smeaton’s
results in regard to the greatest effective amount of sail area, although
we do not necessarily accept Smeaton’s judgment that it is not profit-
able to increase the total area of sails beyond about 37 per cent of the
annular zone containing them.

In wheel No. 3 we followed closely Smeaton’s angles of weather, but
did not obtain so good results as with greater angles. In fact, we were
not able to obtain the best results with weather angles so small as
Smeaton’s in any of our wind wheels. Nor did our sail speeds, as
compared with wind velocity, nearly approach the speeds obtained
by Smeaton. Even our unloaded wheels did not show the sail speed
attained by the best of Smeaton’s wheels when loaded for maximum
work.

This difference in the ratio of sail speed to wind velocity constituted
the greatest disagreement between his resnlts and ours. Our loads at
the maximum of work were smaller as compared with greatest loads,
and the speeds of revolution at maximum work as compared with
speeds of unloaded wheels were smaller for our wheels than for Smea-
ton’s, The general laws established by Smeaton, as enunciated in his
eight “maxims,” were substantially confirmed by our experiments.
The law of cubes pertaining to maximum produects and the law of
squares pertaining to greatest loads, or starting forces, were more
exactly fulfilled in our experiments than in Smeaton’s. The differ-
ences in results as regards angles of weather, speeds, and best lvads
might have been due to differences in the construction of the wheels.

Smeaton constrocted his wheels after the manner of windmill con-
struction in his time, and we constructed our wheels mostly after the
methods adopted by American manufacturers at the time we experi-
mented. Our methods of experiment were similar, thongh Smeaton’s
experiments were conducted on a much smaller scale with smaller
wheels, and his appliances generally were crude as compared with
our own.

Smeaton allowed about one-eighth of his total applied load as the
equivalent additional load due to friction. This friction, as Smeaton
determined it, was in reality friction at starting only, and it must have
been much in excess of the friction under the rapid revolutions of his
wheels, and helped considerably to swell his products.

Still another allowance must be made in comparing Smeaton’s effi-
ciencies with ours, on account of the relative shortness of the sweep,
which earried his wheels in a circle against still air. The velocity of
the centers of his wheels was taken as the equivalent velocity of wind.

- As a matter of fact, some point beyond the center of the wind wheel,
farther away from the axis of the sweep, should have been taken to
represent wind velocity., The distance from the aris of Smeaton’s
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sweep to the extremity of bis sail as it revolved was, when greatest,
nearly.double its least distance, and the energy of the wind acting on
the tip of his sail was more than seven times as great at the maximum
as at the minimum distance. To compute accurately the total wind
energy intercepted by the wheel, after taking into account the various
velocities of impingement, would be an interesting problem in integral
calculus.

The differential expression for work is easily found, but the integra-
tion is not so simple. An approximate calculation shows that the wind
energy intercepted by Smeaton’s wheel was more than 7 per cent in
excess of what it would have been had all points of the wheel met the
air with the same velocity as at the center. The difference is not so
large as one would expect froml the great difference in energy at extreme
positions. We doubt whether anything should be deducted from
Smeaton’s products on this account, for only a very limited portion of
the sails could have a proper relative velocity with respect to the wind.
Our wheels were, of course, similarly affected, although in considera-
bly less degree.

Weisbach’s theoretical fermule for wind action, if correct, would
cast a cloud over Smeaton’s results; for he concludes his rather elab-
orate mathematical discussion with these words: *“ According to these
experiments [Smeaton’s] the action of the wind in general upon sail
wheels is greater than is given either by the theory or by Coulomb’s
experiments.” Coulomb’s very incomplete experiments seem to have
been a great source of consolation to those mathematicians whose
theories would not permit the realization of efficiencies so gredt as
Smeaton obtained.

Our own experience with wind wheels in actual use, in widely differ-
ent lines of work, and the testimony. of many persons using them,
convince us that the efficiencies we obtained and which Smeaton
obtained in artificial wind are not so great as those commonly obtained
now in natural wind. We consider our experiments valuable prineci-
pally on aecount of the comparisons made and thé insight they afford
into the causes of waste. Through the courtesy of Mr. H. N. Wade,
manager of the United States Wind Engine and Pump Company, of
Batavia, 1llinois, we are enabled to reproduce the original records of
our experiments on wind wheels as they were made in 1883,

APPARATUS.

Our experiments were condueted in a room about 36 feet wide, 48
feet long, and 19 feet high from floor to roof trusses.

Pls. VI and VII represent, in elevation and plan, as a whole, the
apparatus that was used and show portions of the roof trusses under-
neath which the sweep was suspended. The rear end of the sweep,
not shown, carried a counterweight, which caused the whole apparatus
to balance on the central shaft. Two rollers carried by the sweep on
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opposite sides of the suspending shaft ran lightly over a large circular
track and prevented vertical oscillations. Pls. VIII and IX present
enlarged views, showing the details of the dynamometer and its method
of application.

These four plates and the illustrations of wind wheels Nos. 3, 6, 19,
24, 29, 39, 40, 44,60, and 61 were recently prepared from data in our
possession. The illustrations of wheels Nos. 2, 35, and 48 are repro-
ductions of the drawings made for the original records, as are also all
the other illustrative figures which are shown in connection with the
original records. In ecomputing the figures denoting efficiencies, shown
in connection with the illustrations of wheels Nos. 3 and 6, axle friction
was called 0.15 pound instead of the 0.3 pound given in the tables, as
explained under the heading * Correctichs for axle friction.”

In these two cases, and also in computing the efficiency of wheel No.
2, allowance was made for temperature as recorded and for atmos-
pheric density, according to the records of the United States Signal
Service station at Chicago for 2 p. m. on the days of experiments.

The efficiencies shown in connection with all the other illustrations
of wind wheels were obtained by simply multiplying the efficiency for
No. 2 by the ratios of products given in the various tables where direct
comparison with No. 2 is shown.

The original records of 1883, immediately following, end on page 72.
The comments following page 72, including the tables on pages 74 and
77, have recently been prepared.

ANGLE OF WEATHER.

The term ‘‘angle of weather,” used in connection with the following
tables, means the angle made by the face of the sail with the plane of
the wheel.

ARTIFICIAL WIND.

In conducting these experiments with windmills, it was necessary
that results to be ‘compared should be obtained in wind of uniform
velocity. We therefore made use of artificial wind, obtained by carry-
ing the wind wheels in a circle against still air on the end of a long
sweep suspended beneath the roof trusses of a large room used for
setting up tanks. The sweép was made to revolve herizontally around
its vertical axis by means of gearing, pulleys, and belts connected with
a line shaft driven by an 80-horsepower Reynolds—Corliss steam engine,
which furnished the motive power for the works of the United States
Wind Engine and Pump Company. The distance from axis of sweep
to center of wind wheel was 14 feet, so that the velocity of wind against
the wind wheel in miles per hour would be indicated very closely by
the number of revolutions per-minute made by the sweep. To attain
absolute accuracy the length of sweep should have been 14.006 feet.
Hence it was only necessary to note the nomber of turns per minute
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made by the sweep in order to know the velocity of wind in miles per
hour with sufficient accuracy. .

For eounting the number of turns of the sweep a todthed wheel, con-
taining 80 teeth, was used, which was made to revolve at the same rate
as the sweep. Thus the fractions of a turn could be easily determined
to within 0.0125, and we made a practice of setting down the fractional
turns to within 0.00123, thus securing relative accuracy in determining
the velocity of the wind to within 0.00125 of a mile per hour.

The face of the wind wheel was set at right angles to the direction of
the wind. The frame supporting the shaft of the wind wheel was sus-
pended’ about 3 feet below the sweep by four iron straps, presenting
their thin edges to the wind, so that the action of the wind upon the
wheel should be obstructed as little as possible by the sweep or other-
wise. The motion of the sweep undoubtedly carried the air of the room
with it to some extent, but not so as to produce a noticeable current.

DYNAMOMETER.

The ordinary Prony friction brake was used, with such modifications
and additions as circumstances demanded.

The brake consisted of two pine blocks, clamped vertically upon a
brass cylinder 5% inches in diameter, attached to the shaft of the wind
wheel. But instead of using two bolts, with thumb nuts for adjusting
the brake, one bolt was used as a hinge beneath the cylinder, and the
adjustment was made by means of a cord passing across from one
block to the other around small iron sheaves, which turned on common
wood screws fastened into the tops of the two blocks, so that the pres-
sure of the blocks against the cylinder corresponded to about sixteen
times the tension of the cord.

The adjusting cord was carried back from the brake some distance
in a direction parallel to the axis of the cylinder to a sheave fixed to
the frame supporting the shaft of the wind wh:el. TFrom that point
the cord was carried *by means of sheaves, levers, etc., up through the -
hollow shaft supporting the sweep and finally fastened to one end of a
lever. The other end of the lever was hinged and provided with a
sliding weight, by means of which the tension of the cord could be
adjusted from the station of observation while the sweep was in motion.
The brake was provided with a horizontal graduated arm carrying a
weight, which could be moved in or out to correspond to any desired
load. Suitable stops were provided, allowing a limited wmeotion of the
brake and-graduated arm, which could be conveniently watched from
. the station of observation, just beyond the reach of the sweep. The
brake and graduated arm were balanced, as regards the action both of
gravity and of centrifugal force, before applying the loads, which were
balanced by the friction of the brake. The thrust of the rear end of
the shaft of the wind wheel was sustained by » steel point.
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-METHOD OF EXPERIMENT.

For noting the number of turns of the wind wheel, the rear end of the
shaft was provided with a worm, with which a toothed wheel could be
thrown in or out of contact at the pleasure of the operator from the
station of observation. Each turn of the wind wheel would cause the
toothed wheel to make 0.0125 of a revolution, as there were 80 teeth in
the wheel, and the fractional turns could easily be estimated to within
0.1 of a revolution of the wind wheel. The weight on the graduated
arm was always expressed in pounds and decimal parts at 1 foot from
the center of shaft of the wind wheel. During use the brake was freely
lubricated with machine oil. : ‘

For a trial load the weight on the graduated arm was set at some
number, say 1 pound. Then the counter which was to record the speed
of the wind wheel was set at 0, as was also the counter which was to
record the velocity of the wind. The sweep having been set in motion,
the speed of the wind wheel was checked by the brake, which was
adjusted from the station of the observer by regulating the tension of
the adjusting cord until the-weight on the graduated arm was just
lifted by the friction, and no more. As soon as the friction and weight
were well balanced the counters which were to record the speed of the
wheel and velocity of wind were thrown in by a single movement of a
lever, and at the expiration of one minute they were both instantane-
ously thrown out. Then the sweep was stopped at the station of obser-
vation, the number of revolutions of the Wmd wheel recorded, and also
the velocity of the wind.

To the load applied was added the friction of the journals, also
expressed in pounds at 1 foot from the center of the shaft. This sum
made the total load, which was multiplied by the number of turns of
the wind wheel.

Then a second produet was obtained in precisely the same manner
with a greater load applied; and if greater than the first, a still greater
load was applied and the corresponding product-obtained. A succes-
sion of products were thus obtained corresponding to a succession of
loads gradually increased until the products began to decrease on
account of the diminishing speed of the wheel. The greatest product
corresponded to the best load for the wheel, and the actual work per-
formed by the wheel in each case could be obtained by multiplying the
product by 6.2832 feet, equal to the circumfgrence of the circle whose
radius is 1 foot. In obtaining these products measurements were taken
several times for edach load and the total load was nultiplied by the
average turns of thewheel per minute. The average wind was also taken
for record. The velocity of wind was supposed to be nearly uniform, but '
varied slightly with the speed of the engine, and the variation was suf-
ficient to affect results considerably in some cases; hence the necessity
of recording the velocity of the wind in each case. In comparing

-
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results some allowance also had to be made for differences in velocities
of wind.

In testing the speed of the wheel unloaded the brake was removed,
making the load nothing but the journal friction.

STARTING FORCES.

The determination of starting forces was attended with some diffi-
culty. In the first place, it became necessary to define what should
be considered the starting force of a wind wheel—whether it should be
considered the greatest load under which the wheel would turn, or the
greatest load which the wheel would balance without turning. It was
also necessary to decide what motion of the wheel should be defined
as turning. The wheel with a certain load would sometimes perform
one revolution in ten or twenty minutes, if that could be called turn-
ing; between that and proper continuous turning there were many
gradations, It was impracticable to decide when the wheel reached
the lowest limit of speed which could properly be called turning.
Therefore we have considered: the starting force as the greatest load,
the wheel would balance without turning. Our method of determining
starting forces was to clamp the brake so tightly on the cylinder that
the wheel could not turn, but could lift the load applied such small
distance as was allowed by the stops which limited the motion of the
brake. The sweep was then set in motion and timed for one minute,
during which time the load on the graduated arm was watched, its
alternating upward and downward movements were noted, and judg-
ment was exercised as to the balance between the load applied and the
starting force bf the wind wheel. -The average velocity of wind during
these tests was always recorded after March 13,1883, but not always
before that date. -

In lifting the load the starting friction of the journals was also
overcome by the wind wheel, but when the weight descended the load
overcame the starting friction of journals in addition to the starting
force of wind, and as the load almost constantly moved up and down
when well balanced, nothing should be added to loads applied for
friction in case of starting forces. Yet the friction has been added in
the tables, the same as to other loads applied, in order to accommodate
the statements at the head of colummns for loads. On account of the
starting friction being great and uncertain, and for other reasons, the
starting forces recorded prior to March 13,1883, are not so much to be
relied upon as those recorded after that date; nor were the later tests
for starting forces nearly so accurate as those for products.

JOURNAL FRICTION.

For journal friction previous to March 13, 1883, see description in
connection with wind wheel No. 11, page 38. After the date above
given the journal friction was greatly reduced by the use of large anti-
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friction wheels in place of the front box, just behind the wind wheel
and in front of cylinder, where the weight of the wind wheel and cyl-
inder was mostly supported. In place of therear box a small steel pin
was inserted in the end of the shaft and turned in a brassbox. The
end thrust of the shaft, due to wind pressure and tension of the adjust-
ing cord, was sustained by a steel point, as before.

As thus improved, one-half an ounce hung to a thread wound around
the outside of wheel No. 37 overcame friction at very slow motion, and
was almost if not quite equal to starting friction. The brake was
removed during this test.

Let # = weight 12 inches from axis required to overcome friction.
30 inches = distance from axis to thread.
4 ounce = 3% pound.
x = 0.0785 = friction at very slow motion or at starting.
‘With brake and wind wheel removed 2,50 ounces hung by a thread
wound around the ferward end of sliaft 0.7969 inch in diameter over-
.came friction at very slow motion and was almost equal to starting
friction, and 24.25 ounces hung in the same way overcame friction at 50
turns per minute, and would not overcome friction when speed was much
less. 0.8125 inch = diameter outside of thread, 0.4024 inch = radius
to center of thread. .
Friction at 50 turns per minute is to starting friction as 24.25 is to
24.25
26.50. Hence, 0.0785 x 26.50
turns per minute, with wind wheel on and brake removed. The weight
of the brake would, of course, add a little tothe friction, which we have
uniformly called 0.1 in the tables, as explained on page 28, under the
table.

The 0.3-pound friction added to loads applied prior to March 13, 1883,
was friction at very slow motion and was undoubtedly much 1 excess
of friction at speed of wheels corresponding to maximuwm products, as
is evinced by the fact that notwithstanding the great reduction of
starting friction the tables do not show for the same applied loads, or
even unloadéd, very much increase of speed of wheels after March 13,
1833, over speeds indicated previous to that date. If 0.1 pound had
been added to applied loads previous to March 13, 1833, the products

~ at maximum and for,higher speeds of wheels would probably have been
more nearly correct. It was this uncertainty and ignorance regarding
friction at different speeds that led us to reduce gs much as possible
this source of error. However, the error thus arising does not greatly
affect comparative values of products recorded prior to March 13, 1883,
although products affected by allowance of 0.3 pound for friction should
not, unless corrected, be compared with products recorded after above
date.

= 0.0714 pound = journal friction at 50
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COMPARATIVE STANDARD WHEEL.

In the earlier stages of these experiments we acted on the supposi-
tion that only such variations in the state of the atmosphere as were
indicated by the barometer and thermometer should affect the work
performed by a wheel tested at different times in wind of the same
velocity. Butlater we were couvinced that the readings of the barom-
eter and thermometer would not always account for variations in
products given by the same wheel on different days. We were also
convinced of the uselessness of speculating as to, or trying to under-
stand and forestall, all the canses that might combine to affect results.
Therefore we adopted the practice of comparing the maximum produet
of each wheel tested with the maximum product of wheel No. 2, obtained
in close proximity as to time and under similar conditions in all respects.
This could be done with a good deal of certainty, and no further trouble
was experienced on account of contradictory results. After the best
loads had been ascertained by trial, comparative tests were made by
trying first one wheel and then the other in succession until a consid-
erable number of measurements had been taken. Then as many meas-
urements as possible, giving the same average velocity of wind for both
wheels, were selected from each set of experiments.

In thig way the product obtained was usually the average of 8 to 10
measurements of each wheel made under the same conditions of time,
wind, weather, and whatever else might affect the results. The prod-
uct of No.2 was thus used as a standard qf measure, and the ratio of
products indicated the relative value of the wheel compared.

For further particulars cousult tables of experiments of later date
than March 13, 1883,

Results of experimenis performed in March and May, 1883, with wheel No. 2.

Velocity of | Load ap- | Turns of .

T pleal wish | SRR e e
Miles. Pounds. OF. 1883.
6. 437 0.1 43.78 ... 62 May 14
6.371 1.1 23. 90 26. 290 54 May 14
6. 381 2.4 0 e eeeao 62 May 14
8:417 .1 59.05 |..o..ao.... 53 Mar. 14
8.403 1.9 32.875 62. 463 50 Mar. 14
8.405 4.2 [ 53 Mar. 14

10. 898 .1 T77.85 |eeoeiiiaaan. 46 May 21

11. 041 3.8 41.06 135. 498 60 May 17

10. 976 6.9 [0 R 46 May 21

L

Previous to making the above experiments, March 13, 1883, the dyna-
mometer was improved by the addition of an automatic brake adjuster
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and antifriction wheels, which reduced starting friction from about 0.3
to about 0.08 pound, and made journal friction at 50 turns per minute
about 0.071 pound. In the table_friction was called 0.1 pound for con-
venience, as the absolute friction in each case could not easily be ob-
tained, and the error does not materially affect comparative results.
(See pages 25 and 26 for  Journal friction.”)

Average products of wheel No. 2, which was used as a standard for
comparison, were obtained by selecting from numerous tests several
numbers—generally 8 to 10—which corresponded to wind of the same
average velocity as wind for wheels compared in each case; the differ-
ence of averages in no case exceeded 0.001 mile per hour in the table on
page 47. -

Measurements for maximum products of two wheels compared were
always taken as far as possible under the same conditions of wind, tem-
perature, barometer, weather, time, etc,

"RESULTS OF ORIGINAL TESTS.

TABLES AND DESCRIPTIONS OF WIND WHEELS.

‘WHEEL No. 1.—Results of experiments.

Velocity of ‘l Load ap- Turns of

wind per | plied +0.3 | wheel per | Product.
hour. for friction. minute.
Miles. 1 Pounds.
8421 | 0.3 | 59.08 | 17.724
8431 | 1.2 42.60 | 51.120
8.3% 1.4 39.90 | 55.860 .
8412 | 1.6 35.69 | 57.104
8.452 [‘ 1.8 31.69 | 57.042
8.432 | 2.0 98.02 | 56.040

.......... 2.85 0 0

]

Experiments made June 1 and 2, 1882,

Load expressed in pounds applied 1 foot from center of wheel.

Circumference of circle whose radius is 1 foot, 6.2832 feet.

Work per minute at the maximum, 57.104 X 6.283 — 358.784 foot-pounds

Diameter of wheel, 5 feet.

Number of slats or sails, 30

Length of slats, 18 incbes.

Width of slat at outer end, 3.56 inches.

Width of slat at inner end, 1.344 inches.

Total area of slats or sails, 9.19 square feet.

Angle of weather, 35 degrees.

Portion of available annular space filled by sails, 0.5.

The spaces between are equal to the spaces occupied by the slats. This wheel is
the same as No. 2 with one-half the slats omitted.

Slats, plain surfaces, made of white pine three-sixteenths.of an inch thick, with
forward edges trimmed to an edge.
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WHEEL No. 2.—Results of experiments.

Zs?}g?ingegf ;]‘f:gf(l))é v'flll_e};ﬂspgi Product. Th:trel?f’m' Date.
hour. for friction.| minute.
Miles. Pounds. oF. 1882,
8.411 0.3 57.95 | 17.385 69 |iiiierinnnn.
8.381 0.9 49.00 | 44.100 |...oooiiifieiiiiinnn.
8. 451 1.05 47.00 | 49.850 |....o.oo.feeeeee.oiio.
8.435 1.3 43.08 | 56.004 | 77 | June 7
8. 445 1.5 40.80 | 61.200 78 | June 7
412 | L7 | 3130 | 63.410 70 | June 7
8. 460 1.8 35.85 | 64.530 I T8 |eeeeeaann
8. 436 1.9 34.89 | 66.291 72 | June 8
8.429 2.0 33.43 | 66.860 T8 e
8.443 2.1 31.33 | 65.793 69 | June 8
8.421 2.3 27.60 | 63.480 73 | June 8
8.446 | 2.5 24,48 | 61.200 75 | June 8
8.416 2.7 21,70 58. 590 76 June 8 |»
8.398 2.9 20,00 | 58.000 |..oeoo.ii|ocooee....
8.338 3.1 15.80 | 48.980 |.oooooiiei|occnaaanao.

.......... 3.81 0 0 teceeee---! June 9

Total area of slat sails 18.380 square feet.

Angle of weather, 35 degrees. ,

The same as No. 1, with double the number of slats—that is, the projections of the
slats upon the plane of the wheel equaled the entire available annular area. An
area as shown in fig. 8 at each of the six arms constituted the space not available.
Slats held in place by 12 straight notched pieces extending from arm to arm the
same as in No. 1. N
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8"

F1a. 8.—Outline of area not available.

WHEEL No. 3.—Results of experiments.

Vﬁﬂ%‘%’ f %,f;:gi%% v?ﬂefﬁs;‘fr Product, | TPOTmoOm- | pge
lhour. , |forfriction.| minute.
Miles. Pounds. oF. 1882.
8.476 0.3 90. 48 27.144 68 June 22
8.435 .95 69. 40 65. 930 68 June 22
8.441 1.05 64. 90 68. 145 68 June 21
8.428 1.1 62.15 68. 365 88 June 22
8.447 1.2+ 59. 65 1. 580 69 June 19
8.436 1.3 55. 36 71. 968 83 June 22
8.402 1.4 51.10 71.540 69 June 21
June 19
8.423 1.5 47.48 71.220 74
June 22
8.441 1.7 41.00 69. 700 71 June 22
8.404 1.9 32.00 | 60.800 71 | June 22
e 2.4 0 0 ceiecece--| June 22

31
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[NO. 20.
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Fia. 9.—Elevation and section of wheel No. 3.

(Sail area, 13.590 square feet; efficiency, 0.161.)
Diameter of wheel, 5 feet.
Number of sails, 12.

-~

Sails of lineal dimensions as shown in figs. 10 and 11, made of white-pine boards

three-sixteenths of an inch thick and fastened by hinges near each end to 12 pine
bands bent to ares of cirele and secured to the 6 arms.

Total sail surface, 13.59 square feet.
Sails concave toward the wind.



eERRY.] RESULTS OF ORIGINAL EXPERIMENTS.

2.31"

F16. 10,—Dimensions of
sails of wheel No. 3.
18 inches is the ex-
treme length of sail.
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Fi6. 11.—Angles of weather of sails of
wheel No. 3. 4, Angle of weather at
inner ends of sails; B, Angle of

\

g ___

1
’,
*~ logen

weather at outer ends of sails,

WHEEL NO. 4.—Results of experiments.

vv:?}ﬁﬁ“gaf ! pll_'i‘{ofld-ka‘(l))..:-l v’gll:gglspgfl: Product. Th:;‘;om' Date.
hour. for friction.| minute. :
Miles. Pounds. oF. 1882.
8.354 0.3 89.43 26. 829 76 June 29
8.372 0.9 . 74.54 67. 086 76 June 29
8.375 1.1 70. 03 77.033 76 June 29
8.324 1.3 62. 75 81.575 68 June 2
8.461 1.5 60, 72 91. 080 73 June 28
8. 467 1.7 55.93 95. 081 73 June 28
8.465 1.9 48.75 92. 625 73 June 28
8. 366 2.1 42. 78 89, 838 68 June 29
8. 386 2.3 38.50 88. 550 68 June 29
8. 369 2.5 29. 13 72.825 68 June 29

.......... 3.3 0 0 ceveceveas| June 29

Wheel the same as No. 3, except that the inclination of the sails was changed, mak-
ing the angle of weather 20 degrees at outer ends of sails and 30 degrees at inner ends

of sails.

IRR 20——-3
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WHEEL No. 5.—Results of experiments. (a)

Vi | g% | e | protuer | Themom | pge
hour. or friction.| minute. .
Miles. Pounds. oF. 1882.
8.444 0.3 86.78 | 26.034 74 | July 12
8.499 0.9 73.56 | 66.204 74 | July 12
8.479 1.1 68.72 | 75.592 74 | July 12
8.493 1.3 64.18 | 83.434 71 July 5
8.419 1.5 57.98 | 86.970 71 July 5
8.4922 1.7 53.86 | 91.562 71 | July 5
8.468 1.9 50.83 | 96.577 71 July 5
8.465 2.1 | 46.10 | 96.810 4 | July 5
8.456 2.8 ' 41.60 | 95.680 4 | July 5
8.414 2.5 33.86 | 84.650 63 | July
8.424 2.7 27.70 | 74.790 63 | July 12
8. 440 2.9 19.62 | 56.898 63 | July 12

3.7 j 0 0 ceeieeeee| July B
8.491 1.9 i 51. 88 98, 572 5 U PO,

a See wheel No. 44, p. 57.

Wheel the same as No. 3, except that the inclination of thesails was changed,
making the angle of weather 22.5 degrees at outer ends of sails and 32.5 degrees
at inner ends of sails. ’

-

WHEEL No. 6.—Results of experiments.

i
¢ : vvsli;((}lmgeg ! p]l:lig?id-f 153 vgi;lel;i sp%‘; Product. Thggom- Date.

hour. for friction.| minnte. *

; Miles. Pounds. oF. 1882.

| 8.378 0.3 69.03 | 20.709 32 | Dec. 9

| 8.355 1.5 47.80 | 70.950 34 | Dec. 9
8.348 1.7 44.00 | 74.800 34 Dec. 9

‘ 8.405 1.8 42.10 | 75.780 35 Dec. 9
8.317 1.9 38.28 | 172.732 35 Dec. 9

ias.aes | L3 50.83 | 66.079 38 | Dec. 9

: i 3.4 0 0 33 Dec. 8

aWhen reversed, 8o as to present its back side tothe wind.
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FiG. 12.—Elevation and section of wheel No. 6. (Sail area, 10.688 square feet; efficiency, 0.163.)

Diameter of wheel, 5 feet.

Arms and bands the same as in wheel No. 3.

Number of sails, 24. Sails of lineal dimensions as in fig. 13; made of white-pine
boards three-sixteenths of an inch thick, and hinged to the bands as in No. 3.

Sails plain, with forward edges trimmed to an edge.

Total sail surface, 10.688 square feet.

Angle of weather, 30 degrees.
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Pa— 57—

F16. 13.—Dimensions of
sails of wheel No. 6.

WHEEL No. 7.—Results of experiments.

vv?}g(éll‘gegf lll:i?:(‘ii z—a& V:v?};lll:olisp(:)i Product. Th:zg;om~ Date.
hour. |for friction.| minute. :
Miles. Pounds. oF. 1882.
8.361 0.3 73. 60 22.080 12 Dec. 12
8. 380 1.3 52.50 68. 250 39 Dec. 12
8.416 1.5 47.40 71.100 40 Dec. 11
8. 359 1.7 40,74 69. 258 40 Dec. 12
.......... 2.8 0 0 42 Dee. 12
i

Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 25 degrees.
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WHEEL No. 8.—Results of experiments.

Vvﬁiﬁﬁlﬁi’eﬁf I}iﬂﬁli’?}ps v?}?:ﬁsp%fr Product. Thermom-
hour. |forfriction.| minute. :
Miles. Pounds. oF.
8.333 0.3 62. 67 18.801 |..........
8. 344 1.3 46. 83 60. 879 48
8.403 1.5 44.23 66. 345 48
8.375 1.7 40,23 68. 391 39
8. 366 1.9 36. 84 69. 996 41
8.368 2.1 32.80 68. 880 47
8.354 2.3 27.70 63. 710 47

.......... 3.55 0 0 D,

Experiments made December 13, 1882.
Wheel the same as No 6, except that the inclination of the sails was changed,
making the angle of weather 35 degrees.

WHEEL No. 9—Results of experiments.

vaggﬁlﬂgax? f 11)1?2((1]_ s—l—&g‘d v'f}:g‘:ispgt!" Product. Th:{g.om'
hour. for friction.!| minute. :
Miles. ‘ Pounds. oF. ’
8.374 0.3 66. 40 19.920 43
8.361 1.3 49.73 64. 649 38
8.375 1.5 47.15 70. 725 39
8. 350 1.7 42.30 71.910 40
8.364 1.9 38.20 72. 580 40
8.344 2.1 34.58 72.618 42
8.323 2.3 30.70 70.610 42

.......... B4 0 B O

Experiments made December 14, 1882,
Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 32.5 degrees.
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WHEEL No. 10.—Results of experimenis.

vv?li;?ilfge:f gfi(zaadd:-a‘&; v?]?el‘:isng Product. Thﬁﬁom‘ Date.
‘hour. for friction.| minute. R
Miles. Pounds. oF. 1882.
8. 347 0.3 . 72.23 | 21,690 34 | Dec. 15
8.336 1.1 54,77 | 60.247 45 | Dec. 14
8.329 1.3 53.30 | 69.290 45 | Dec. 14
8.345 1.5 48.70 |- 73.050 33 Dec. 15
8.358 1.7 43.78 | 74.426 34 |oo....
8.338 1.9 39.33 74.727 s T
8.351 2.1 35.06 | 73.626 39 ...
.......... 3.25 0 0

Wheel the same as No. 6, except that the inclination of the sails-was changed,
making the angle of weather 27.5 degrees.

WHEEL No. 11.—Results of experiments.

Vﬁ:&&ltg;f fgi?gg :—‘?)I’S v%‘}?;]ls}:g;' Product. Th:zenln‘om-
hour. ‘or friction.| minute. .
Miles. Pounds. oF.
8.415 0.3 T7.60 23.280 41
8.353 1.3 51.64 67.132 39
8.391 1.5 45.46 68. 190 40
8.401 1.7 39.52 | 67.184 40
8.410 1.9 a33.14 62. 966 41

.......... 2.1 D) el

.......... 2.3 0 0 ecemaaean

a Started slowly and with difficulty, though well balanced. Once needed help to start.
b Ran slowly two or three minutes and stopped.

Experiments made December 18, 1882.

Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 20 degrees.

A journal friction test made with wheel No. 11 by hanging a 1}-ounce weight by
a thread wound around the ontside of the wheel showed that this weight did not
overcome starting friction, but was sufficient to accelerate motion after the wheel
was started at moderate speed.

Let x — journal friction, at 1 foot (12 inches) from axis.
30 inches = distance of 1§-ounce weight from axis. -

1.75x30=12 .

x = 4.375 ounces = 0.2734 pound = friction of journals at moderate speed.

The journal friction diminishes somewhat with the increase of speed, although
authorities give the same coefficient of friction at all speeds. Some variation in
journal friction is also dne to difference in weights of wheels and in lub1ication;
and as the above test was made with the brake removed, we have considered it
approximately correct to call journal friction = 0.3 pound in all cases. See, how-
ever, later conclusions.
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WHEEL No. 12.—Results of experiments.

Miles. Pounds. - oF.
8.405 0.3 75.60 22. 680 44
8.385 .95 56.18 53.371 40
8.376 1.1 50. 78 55. 858 40
8.341 1.3 a43.88 57. 044 41
8.376 1.5 b35.42 53.130 42
.......... 1.6 (¢) Y [
[ 1.7 0 [1 A PO .-

a Started slowly. ~

b Needed assistance to start in every instance, though without assistance it would barely move, at
the rate, perhaps, of one turn in ten minutes.

¢ Ran three minutes and stopped, after having been started at moderate speed.

Experiments made December 19, 1882.
Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 15 degrees.

WHEEL No. 13.—Results of experiments.

Velocity of | Load ap- | Turns of Thermome-
e ks el | e | TR e
Miles. Pounds. °oF. 1882.
8. 369 0.3 56.33 16. 899 45 Dec. 20
8.377 | 1.7 1 387.13 63.121 45 Dec. 19
8.353 1.9 34.10 64. 790 43 Dec. 20
8. 352 2.1 31.30 | 65.730 41 Dec. 20
8,407 2.3 | 28.70 | 66.010 42 | Dec. 20
8.375 2.5 25.38 63. 450 42 Dec. 20
8.328 2.7 20.63 55. 701 44 Dec. 20
8.351 2.9 17.25 50, 025 46 Dee. 20
.......... 3.1 (a) cecemeceesfoanaseeaas| Dee. 20
.......... 3.2 (B) Jececceeeii]aveeeiaae.| Dee. 20
.......... 3.7 0 0 ~.‘ Dec. 20

a Ran very slowly after starting, and stopped several times.
b Stopped and started occasionally.

Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 40 degrees.
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WHEEL No. 14,—Results of experiments.

Vv:}g?i“gegf plIfgdad+a8:3 vlv‘llllgglspfr Product. The'l;‘gl'ome-’
hour. for friction., minute. .
Miles. Pounds. °F.
8.327 0.3 48. 60 14. 580 47
8.335 1.5 33. 60 50. 400 46
8.375 1.7 32.68 55. 556 46
8. 393 1.9 29. 88 56. 772 47
8,336 2.1 26. 95 56. 595 46
8. 364 2.3 24,72 56. 856 46
8.427 2.5 21,82 54, 550 46
8.381 2.7 17.98 48. 546 46
8.409 2.9 15.10 43.790 46
8.349 3.1 12,47 38. 657 46

.......... 3.3 (a) DR D,

.......... 3.8 | R

@ Ran a minute or two, stopped, and afterwarda started slightly.

Experiments made December 21, 1882.
Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 45 degrees.

WHEEL No. 15.—Results of experiments.

]

Vv?%g%l“g;sg f tplig:lil f(’))-?, gﬁlg‘eﬁspgg Product. Th:;:gom-
hour. or friction.| minute. o
Miles. Pounds. f oF.
8.444 | - 0.8 46,84 ’ 14, 052 30
8.402 1.7 29.86 | 49.912 28
8.429 1.9 27.40 52,600 30
8. 479 2.1 25. 30 53.130 31
8.457 2.3 22,92 52.716 33
8.443 2.5 20.17 50, 425 32
8.440 2.7 17.71 47.817 33
8.438 .31 10. 20 31. 620 35

......... 3.3 (a) e aeeaan 30

.......... 3.5 (® e ‘30
8.406 | 3.9 0 o | 3

|
o Turned very slowly and irregularly. b Barely moved.

ot Experiments made January 5 and 6, 1883,

Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 47.5 degrees.
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WHEEL No. 16.—Results of experiments.

Velooity of| Toadop | Tumsol | ouct, | Thormen:
hour. for friction.| minute. .
Miles. Pounds. OF.
8. 443 0.3 42,40 12.720 32
8.444 1.7 27.75 47.175 32
8.440 | 1.9 24,92 47,348 30
8.38% | 2.1 23.27 | 48.867 30.5
8.447 2.3 20. 67 47.514 38
8.419 2.5 18.45 46.125 37
8. 505 2.7 16. 23 43.821 37
8.426 2.9 al2.33 35. 757 37
8.484 3.1 ) N 36

.......... 3.3 ' N P -
8. 257 3.55 0 0 35
8.426 3.9 0 0 36

o Almost needed help to start, and once stopped within one minute.
b Stopped after running one minute.
¢ Stopped after running very slowly a short time.

Experiments made January 6 and 8, 1883.
Wheel the same as No. 6, except that the inclination of the sails was changed,
making the angle of weather 50 degrees.

Comparative results with plain sails.

41

A B c p | ®E F G H I
Voclty Lond i ot T or Produsle)
orwhiol [ wadthor. gerhonr | O™ |t max. Cmimly M B T | S
mum. mum. ‘' EXPF.
o Miles. | Pounds. | Pounds. ) 8q. ft.

1 35 8. 412 2.8 1.6 | 35.69 | 59.08 | 57.104 9.190

2 35 8. 429 3.81 2.0 33.43| 57.95 | 66.860 | 18.380

12 15 8.341 1.7 1.3 | 43.88 | 75.60 | 57.044 | 10.688
11 20 8.391 2.3 1.5 | 45.46 | 77.60 | 68.190 | 10.688

7 25 8.416 2.8 1.5 | 47.40 | 73.60 | 71.100 | 10.688

10 27.5 | 8.358 3.25 17| 43,78 | 72.23 | 74.426 | 10.688

6 30 8,348 3.4 1.7 44.00 | 69.08 | 74.800 | 10.688

9 32.5 | 8.364 3.4 1.9, 38.20 | 66.40 | 72.580 | 10.688

8 35 i 8.366 3.55 1.9 36.84 | 62.67 | 69.996 | 10.688

13 40 8.352 3.7 2.1 31.30 56.33 | 65.730 | 10.688
14 45 8.336 3.8 2.1 26.95 4860 | 56.595 | 10.688
15 47.5 | 8.479 3.95 2.1 25.30 | 46.84 | 53.130 | 10.688
16 50 5.385 | 3.9 2.1 23.27 ] 42.40 | 48.867 | 10.688
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No. 2 modeled after Halliday 10-foot mill, and contained 60 sails 18 inches long
and 3.56 inches wide at outer end.

No. 1 contained 30 sails 18 inches long and 3.56 inches wide at outer end.

Nos. 6-16 contained 24 sails 18 inches long and 5 inches wide at outer end.

If the separate tables are consulted, it will be found that in making out the com-
parative table, we have not taken the highest products for wheels Nos. 6, 9, 10, 13,
and 14, in column H. As the angle of weather increases from 15 degrees to 47.5
degrees, the loads at maximum should obviously increase or at least should not
decrease in any case within those limits. This law would apparently have been
violated if we had taken the highest products in the above-mentioned cases. So, in
Nos. 6, 9, 10, 13, and 14, we have taken the loads and products immediately preced-
ing those corresponding to maximum. By so doing we made column E appear con-
“sistent with the law of increasing loads without materially changing the values of
products in column H. For it will be noted that in no case does the product we
have set down in column H fall short of the highest we might have taken by so much
as unity.

The majority of the slight discrepancies in column H are clearly accounted for by
the variation in wind as shown in column C. But in Nos. 9 and 10 there was evi-
dently a slight fault in adjusting the friction of the brake to the load applied.
Slight errors of this nature are unavoidable, although they may be reduced to a
minimnm by the exercise of care and repeated trials. (See page 27.)

In the foregoing experiments seldom less than six measurements were made for the
determination of each product and sometimes the unsteadiness of the wind required
many more trials for the determination of a product. The variationsin wind, though
not great, sometimes made a difference of one or two turns of the wheel per minute.
The indicator which registered the number of turns of the wheel was not originally
intended to indicate fractions of a turn, although the fractional tnrns were actually
set down by estimation to within one-tenth of a turn. Bnt the indicator could not
be counted on as absolutely correct to within less than half a turn, so that an error
of half a turn too much or too little might sometimes account for a variation of one
turn of the wheel. Since, however, the indicator was just as liable to make the
fractional error one way as the other, the errors in average results would be prob-
ably diminished in proportion to the number of tests from which the averages were
deduced.

The indieator consisted of a toothed wheel which was thrown in contact with a
worm on the shaft of the wheef, and the teeth were liable to strike the worm so as
to accelerate or retard the indicator to the extent of half the pitch of the teeth or
less.

An examination of the several tables shows that there are generally three or four
consecutive prodncts corresponding to different loads, none of which vary much
from the greatest product, and when the two highest products are nearly identical,
as often happens, it requires but a very slight error in any one of two or three
chances for variation to make the highest product correspond to either of two con-
secutive loads. :
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WHEEL No. 17.—Resulis of experiments.

Velocity of | Load ap- Turns of .
R D | e | Pt | TS
Miles. Pounds. °F
8.392 0.3 73. 90 22,170 32
8.379 1.3 52,62 68. 406 30
8.363 1.5 46.55 69. 825 30
8.390 1.7 42.80 72. 760 31
8.408 1.9 38.70 73.530 31
8.373 2.1 33.30 69.930 31
8. 400 3.05 0 0 32
a8 391 .3 79. 83 23. 949 32
a 8. 380 1.3 54.15 70.395 32
a8.374 1.5 47.60 71.400 31
a 8. 361 1.7 40.70 69. 190 32
a Reversed.

Experiments made January 10 and 11, 1883.

Wheel the same as No. 6, except that the sails were twisted, making the angle of
weather 25 degrees at outer extremities of sails and 35 degrees at inner extremities
of sails.

The twisting made the sails somewhat convex on the front side and concave on
the reversed side.

WHEEL No. 18.—Results of experiments. (a)

Miles. Pounds. °F.

8.430 0.3 75.58 22, 674 37
8.370 1.3 53.48 69. 524 37
8. 362 1.5 50. 64 75. 960 38
8. 386 1.7 48.08 81.736 38
8. 397 1.9 43.31 82. 289 39
8.393 2.1 39. 42 82.782 40
8.357 2.3 33.65 77.395 39
8.368 2.5 528.31 70. 775 40
8.419 2.7 ¢21.83 58. 941 37
8,440 3.4 0 .0 38

« See table on p. 47.
b Started slowly.
¢ Started very slowly—almost needed help.

Experiments made January 13 and 17, 1883.

Wheel contained 24 sails of lineal dimensions as shown in fig. 14, made of white-
pine boards three-sixteenths inch thick, beveled on forward edges, and hinged to
the bands the same as in wheel No. 6.

Total area of sail surface, 12.937 square feet.

Angle of weather, 25 degrees.
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F1a. 14,—Dimensions of sails
of wheel No. 18,

WHEEL No. 19.—Resulis of experiments. (a)

z?ilgfl]ggf p{igfid-:gé V;Ii‘l‘;?lm:tf Product. Thegn om-

hour. for friction. minnt%. eter.

Miles. Pounds. oF.

8.375 0.3 72.28 21. 678 33
8.375 1.3 53. 78 69. 914 34
8. 466 1.5 50. 32 75. 480 28
8.475 1.7 47.17 80.189 28
8.379 1.9 44. 48 84.512 29
8.422 2.1 42.10 88.410 30
8.439 2.3 38.20 87. 860 31
8.400 2.5 32.9 82.375 31
8.397 2.7 26. 98 72.846 31
8.392 2.9 22,03 63. 887 32
8.370 3.1 b16.03 49. 693 32
8.329 3.6 0 0 32

a See table on page 47. b Needed assistance to start.

[No. 20.
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Fia. 15.—FElevation and section of wheel No.19. (Sail area, 12.937 square feet; efficiency, 0. 185).

Experiments made January 18, 1883.
Wheel the same as No. 18, except that the inclination of the sails was changed,
making the angle of weather 27,6 degrees.
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WHEEL No. 23.—Resulis of experiments.

Zgliggtgegf ﬁggd+aop:3 v?l?erfasp:fl: Product. Thgtrg.om-
hour. or friction.| minute. :
Miles. Pounds. oF.
8.422 0.3 73.46 22,038 34
8.420 1.3 55. 60 72.280 30
8.428 1.5 | 50.83 76. 245 30
8.486 1.7 47.64 80. 988 30
8.444 1.9 43.21 82. 099 30
8.400 2.1 38. 14 80. 094 30
8.402 2.3 34. 30 78. 890 31
8. 382 2.5 30,12 75. 300 31
8.434 a 2.7 24.23 65. 421 32
8. 399 3.55 | 0 0 32

a Needed assistance to start.

Experiments made January 25, 1883.
Wheel the same as No. 18, except that the angle of weather wus 25 degrees at outer
ends of sails and 30 degrees at inner ends.

COMPARISON OF SEVERAL WHEELS.

WHEELS Nos. 2 AND 50.—Resulis of experiments.

- Velo Load ap- Turns of

Nl || gty | sy | pute
Miles. Pounds. 1883.

2 11. 022 0.1 77.75 July 2

2 11,054 3.3 38.48 July 2

2 | 10.926 6.8— 0 July 2

50 11. 093 0.1 77.45 July 2

50 11.054 3.3 36. 36 July 2

50 10,981 6.6 0 July 2

[NO, 20.

Wheel No. 50 was No. 2 with the cehter of wheel filled in by a cone whose base
was 24 inches in diameter and whose slant height was 18 inches. Base of cone rested
Cone made of stiff paper, supported by light

against the front of arms of wheel.

wooden frame.
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WHEELS Nos. 18 10 22.—Results of experiments.
No.of | Angleaf| Tolooy | appllaq | Turms of Broduct | Predustof | atioor| p,,
Wheel. | weather. | ,or }our, gi‘)(;éig‘l’{ minute. | mum. | maximum. [Preducts.
° | Miles. Pounds. 1883.
18] 25 | 8516 0.1 | 13 |eeee ii]oemeeemeafeeannn . | Apr. 10
18| 2 8.485 | 1.5 | 46.20 | 69.300 | 58.083— | 1.193 | Apr. 10
18| 2 R444 | 3 1 R RS FUUR S ’ Apr. 10
19| 215 8471 0.1 | 7494 |ecioiiofoimmniain]amnanns ! Apr. 12
19| 27.5] 8500 1.9 | 39.57 | 75.185 | 62,719+ | 1.204 ; Apr. 11
19| 215 8455 | 3.3 0 oo, | Apr.11
201 30 | 8464 0.1 | TOT8 eeeoei|menaeitiieans. | Apr. 14
20| 30 8.486 | 1.9 | 39.87 | 75.753 | 62.966— | 1.203 | Apr. 12
20( 30 | 8475 | 355 0 |e.oiifeceeioeenn]iceeenn. Apr. 14
91 3251 8.478| 0.1 | 6797 |oeecuacalaeanil]. ceee...| Apr. 16
21| 325 8463 1.9 | 38.72 | 73.568 (a62.225= | 1.182 | Apr. 16
21| 325 8.400| 3.7 1 R PO I U Apr. 16
2| 3 8498 | 0.1 | 64.20 |......oifeunnn. JO IO Apr. 17
22| 85  8.461| 2.1 | 31.96 67.166 | 58.957— | 1.138 | Apr. 17
22| 8 . 8504 | 3.9 0 [ I AU Apr. 17
i
@ The sign == indicates that the number affected needs no correction.
These wheels differed from each other only in angles of weather.
‘WHEELS No8. 24 TO 28.—Results of experiments.
Angle | o100t Load | m g of | Product | Productof .
whool. |weath-| o wind | 480 fr |wheelpor| avmaxic| No2ut | piiicl,)  Dese
o Miles. | Pounds. 1883.
26 | 25 8.455 | 0.1 75.38 | eeee oo femeeans Apr. 9
2 | 25 8.434 | 1.7 43.74 | 74.358 |a62.9664-| 1.181 | Apr. 9
% | 25 8.448 | 3.%5 0 |eeenn. O R Apr, 9
24| 27.5| 8428 0.1 72.60 {........ (U I Apr. 1
24 | 27.5 | 8.426 | 1.9 38.87 | 73.853 |0 60.762—| 1.212 | Apr. 6
24 | 27.5 | 8.369| 3.5 1 S PR SN IR Apr. 7
2530 | 8377| 0.1 | 69.00 |..o..... i .................. Apr. 5
25 | 30 8.450 | 1.9 38.95 | 74.005 6L 902—| 1.196 | Apr. 6
25 | 30 8425 | 3.7 (1 I PO Y P, Apr. 5
28 |32.5| 8437 0.1 67.07 [cceene-- E .................. Apr. 4
28 82,5 833 | 2.1 34.49 | 72.429 fcﬁl. 142—| 1.184 | Apr. 4
28 32.5 | 8379 3.9 1 Y P N A Apr. 4
2718 | 8.473| 0.1 63.65 [.euonn. R Apr. 3
27 ' 35 8.401 | 2.1 33.74 | 70.854 ‘d61.370+ 1.154 | Apr. 3
21 '35 | 8454 4.1 0 |ooenns { .................. Apr. 2

a Wind, 874732 miles per hour.
b Wind, 8.455 miles per hour.

¢ Wind, 8.398 miles per hour.
d Wind, 8.395 miles per hour.



48 EXPERIMENTS WITH WINDMILLS. [¥0. 2.

il ““v“a \

0

Fia. 16.—Elevation and section of wheel No.24. (Sail area, 15.000 square feet; efficiency, 0.187).

‘Wheels Nos. 24 to 28 differed from each other only in angles of weather, each
having 24 plain sails 18 inches long, 7 inches wide at outer ends, and 3 inches wide
at inner ends. Wheels otherwise the same as No. 6.

Total area of sail surface, 15.000 square feet.
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WHEELS Nos. 29 10 33.—Results of experiments.
I
Angle | voosity | L0ad | mong of | Product | Product of L ,
whotl || it | R | whvolpor atmaxi | Nosab il pwe
!
- o Miles. | Pounds. 1883.
33|25 8.434 0.1 75,46 | eenooiilieaee ] oeee e Mar. 14,
33| 25 8.401 1.9 | 37.80 | 71.820 | a62.463— 1.150 | Mar. 14
33|25 | 8341] 85| 0 ... |......... [ Mar. 14
729 | 27.5 | 8.421 0.1 1 73.10 ... loeel il Mar. 27
29 |1 27.5| 8.406 1.9 ] 39.10 | 74.290 | b61.845— 1.201 | Mar. 27
29 | 27.5 | 8.454 3.7 (1 R PN DN SO Mar. 27
3030 | 8318| 01| 60.18 ... eeeee..| Mar. 29
30 | 30 8.429 2.1 | 35.15 | 73.815 | ¢62.4784-| 1.181 | Mar. 28
30 {30 8.399 4.0 0 JR S PR PP Mar. 28
31| 32.5| 8.407 0.1| 66.73 |...... R Y AR Mar.- 30
31132.5| 8.418 2.1 | 34.94 | 73.374 | d61.864—| 1.186 | Mar. 30
31| 32.5 | 8.422 4.1 [ P A PR, Mar. 30
32|35 8.410 0.1 62,90 [ i Mar. 31
32| 35 8. 454 2.1 | 33.43 | 70.203 | ¢61.4084-| 1.143 | Mar. 31
32|35 8.444 4.3 0 |eaeo.... 7o l ........ Mar. 31
@ Wind, 8.403 miles per hour. ¢ Wind, 8.427 miles per hour.
. b Wind, 8.410 miles per hour. d Wind, 8.419 miles per hour.
e Wind, 8.446 miles per hour.
IRR 20 4
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F1a. 17.—Elevation and section of wheel No. 20. (Sail area, 17.016 square feet; efficiency, 0.185.)

Wheels Nos. 29 to 33 differed from each other only in angles of weather, each hav-
ing 24 plain sails 18 inches long, 845 inches wide at outer ends, and 34; inches wide
at inner ends.

Total area of sail surface, 17.016 square feet. .

‘Wheels otherwise the same as No. 6.

Dynamometer improved by addition of antifriction wheels and automatic brake
adjuster, first used March 13, 1883, with wheel No. 33.

-
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WHEELS Nos. 19, 20, AND 34,—Resulis of experiments.
No.of | Angloof | Y20 ﬁpﬁ%;; "o Broduct | Productor| Ratie,| e
per hour. friction. | minute.| MWM. |maximum. ucts.
o Miles. | Pounds. 1883.
19| 205 | 8471 0.1 | 7494 | ... Apr. 12
19| 27.5| 8500 | 1.9 |39.57 75183 |a62.7194| 1.204 | Apr. 11
19| 21.5| 8455 | 3.3 0 |t Apr. 11
20| 30. | 8464| 0.1 |70.78 Apr. 14
20| 30 8.486 | 1.9 |39.87 | 75.753 |b62.966—| 1.203 | Apr. 13
20| 30 8475 | 8551 0 |iee.eii|eeooiiiiii|ieean.. Apr. 14
34| 2535 | 8.498| 0.1 | 76.47 | oeooiii|eeoiiiiiifiaannn. Apr. 19
34| 25,35 | 8502 | 1.7 |43.77 | 74.409 | ¢61.655+| 1.207 | Apr. 18
| 34| 2535 | 8.487| 3.5 1 Y N AU Apr. 19

a Wind, 8.499 miles per hour.

b Wind, 8.487 miles per hour.

Wheels Nos. 19, 20, and 34 differed from No. 18 only in angles of weather.
The sails of No. 34 were twisted, making angles of weather 25 degrees at outer
ends of sails and 35 degrees at inner ends.

WuEELs Nos. 35 To 38.—Results of experiments.

¢ Wind, 8.501 miles per hour.

1
' Velocit; Load | Turns of\ ppoquet | Product of :
Nl foastnt ST sy, e SPGBt D
o ‘Miles. | Pounds. \ 1883.
38 |22.5 | 8524 0.1 [84.65 [ececcummefiocaneecalonaennns Apr. 28
38 | 22.5 | 8.488 L5 | 52.51 | 78.765 |a63.802— 1.235 Apr. 28
38 | 22.5 | 8.521 2.9 0 R P P, Apr. 28
36 | 25 8.525 0.1 | 80.67 |ocenoi]imaaa e aan Apr. 26
36 | 25 8. 499 1.7 |1 47.05 | 79.985 |b62.852— 1.273 Apr. 26
36 | 25 8.413 3.1 L Y Apr. 26
35 | 27.5 | 8.413 0.1 | 76.78 e i]eeneicee]acaeaann Apr., 24
35 | 27.5 | 8.424 1.7 | 46,64 | 79.288 | ¢63.726—| 1.244 Apr. 25
35 127.5 | 8.445 3.4 1 O R P Apr. 25
37 | 30 8.459 0.1 | 7312 o] ece i aeeeaeen Apr. 27
37 | 30 8.477 1.9 | 40.41 | 76.779 | d62.928 | 1.220 Apr. 27
37 | 30 | 8.473 3.6 0 [ . loaeonns Apr, 27
|

@ 'Wind, 8.488 miles per hour.
b Wind, 8.500 miles per hour.

¢'Wind, 8.425 miles per hour.
d Wind, 8.478 miles per hour.

‘Wheels Nos. 35, 36,87, and 38 contained 12 plain sails of lineal dimensions, as shown

in fig. 19.

Each sail made by fastening together 2 sails of No.18. Wheels other-

wise the same as No. 18, and differed from each other only in angles of weather.
Total area of sail surface, 12.937 square feet.
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[NO. 20,

Fi16.18. — Elevation and section of wheel No. 35.

(Sail area, 12.937 square feet; efficiency, 0.192.)
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Fi6. 19.—Dimensions of sails of wheels.
Nos. 35, 36, 37, and 38.

WHEELS Nos. 40 TO 43.—Results of experiments.

53

No.of | Angle of | 7£0% +1L(;pfé T"’lv}:e:ef " Product Product of| Batlo |
per hour. Fri ot on. | minute,| Mum. | maximum. ucts.
b

. ° Miles. | Pounds. 1883.
41 25 8.461 0.1 [ 84.70 .o eenfmmnanainfonnns May 5
41 25 8.496 1.9 | 46.81 | 88.939 | 65.474— | 1.358 | May 5
41 25 8.496 3.45 [ R ) PR May 5
40 27.5 8.498 0.1 82,18 |t May 3
40 27.5| 8.459 1.9 | 45.74 | 86.906 | 62.928= | 1.381 May 3
40 27.5| 8.519 3.75 0 * ........................ May 3
42 30 8.491 0.1 TT.95 |aceecee]eea i eeeean May 7
42 30 8.464 1.9 |43.15 | 81,985 | 61.180= | 1.339 May 17
42 30 8.475 3.9 [ R (R PR May 17
43 | 25,30 8.528 0.1 84.92 | el May 8
43 | 25,30 8.476 1.9 | 45.92 | R7.248 | 62.396—= | 1.398 | May &
43 125,30 | 8.495 | 3.6 1Y O IR IO May 8
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Wind for No. 2 the same as for wheel compared in each case. Wheels contained
12 angular concave sails of lineal dimensions as shown in fig. 21. Each sail made by
fastening together two sails of No. 18 at an angle of 165 degrees so as to present con-
cave surface to the wind. Wheels differed only in angles of weather. The sails of
No. 43 were twisted, making the angles of weather 25 degrees at outer ends of sails
and 36 degrees at inner ends. Total area of sail surface, 12.937 square feet.
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¥16. 20.—Elevation and section of wheel No. 40. (Sail area, 12.937 square feet; efficiency, 0.213.)
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FI16. 21.—Dimensions of concave sails of
wheels Nos. 40, 41, 42, and 43.
WHEELS Nos. 40 To 42.—Resulis of experiments.
No.of |Angleof] Yelocit all;l(;ﬁ'g 4| Turns of | Product | Product of | Ratio
whoel woacher, of wind | $¥3 fr|wheol por| stmaxi- | Notat folprod ) Date
o Miles. | Pounds. 1883.

41| 25 6. 444 0.1 6583 [cceeeoecilonacaecaadeeeann. May 24
41 25 10. 963 0.1 [ 11130 |.e e i eeeece cea]emnaeen May 29
41 25 6.459 1.1 | 35.07| 88.577 | 28.270=| 1.365 . May 24

.41 25 11.022 3.3 55.45 | 182.985 |a137. 346+ 1.332 , May 29
41 25 6.404 2.0 (1 T PN PO | May 24
41] 25 |11.111| 5.6 o N DY U RN ' May 29
0] 27.5| 6.372] 0.1] 60.27 ... ... eeeiii)ot .- } May 14
40| 27.5 | 10.890 0.1 106.73 |-cnevee] i ae]eieanes | May 21
40| 27.5 6.371 1.1 32.90 | 36.190 | 26.290=| 1.377 ! May 14
40 | 27.5 | 11.041 3.3 | 56.32 | 185.856 | 135.498=| 1.372 i May 17

]

40| 27.5 | 6.403 2.1 0 (R P ....-.;f May 14
40| 27510944 | 6.3 0 |o........ ST ISUR ' May 21
42| 30 6.454 | 0.1 59.13 |ooeereailimeenene]eaaan. 1 May 23
42| 30 10.974 0.1 103.50 |.comn i immeecmaaenaaans " May 23
42 | 30 6.429 1.2 ! 29.65 | 35.580 | 26.037=| 1.367 } May 23
42 30 10. 997 3.7 50.62 | 187.294 | 138.897—( 1.348 ' May 22
42| 30 6.411 | 2.3 1 Y PO PN O | May 23-
42|30 10083 | 6.9, 0 ool 1 May 22

@ Wind, 11.021 miles per hour.
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Fi1a. 22.~Elevation and section of wheel No. 39, (Sail area, 13.072 square feet; efficiency, 0.164.)
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WuegLs Nos. 35, 39, 40, AND 44.—Resulis of experiments.

Noiar | Avgleor| Ve | polle | "l | Trodust | Produott| e |
per hour. friotion. | minute. mum. maximum, | ucts.
‘ ° Miles. | Pounds. ‘ 1883.
35 27.5 8.413 | 0.1 | T6.78 |ooeoiioeana., el Apr. 24
35| 275 8.424| 1.7 | 46.64 | 79,288 63.726— 1.244 | Apr. 2
. 3| 275 8.445 | 3.4 0 Apr. 25
39 275 8.472 | 0.1 | 64.52 .....doiiiieaee May 1
39| 27.5 8.512| 1.9 | 35.57 | 67.583 | 63.650— | 1.062 | May 1
39| 2nsl 8481 V8.7 . 0 L. . May 1
10| 275 8.498| 0.1 | 8213 |........ ... May 3
40| 27.5 8.459 | 1.9 | 45.74 | 86.906 | 62.928== | 1.381 = May 3
40| 215 8519 37| 0 ... May 3
442530 | 8.482 | 0.1 | 8488 |........|l........| ... May 9
4 | 25,30 | 8.477| 1.9 | 44.35 | 84.265 | 60.952— | 1.382 | May 9
4 |25,30 | 8.475| 3.6 VR U I May 9

@ Wind, 8.425 miles per hour.

Wheel No. 39 contained 12 sails of lineal dimensions as shown in fig. 23, made by
adding to the sails of No. 35, along their rear edges, strips as illustrated, so as to
present concave surface to the wind. But the line ab was considered the face of the
sail as regards angle of weather. For No. 40 see previous description. Sails angu-
lar concave. ~

‘Wheel No. 44 was the same as No. 3 except that the angles of weather were 25
degypees at outer ends of sails and 30 degrees at inner ends., Sails cirecular concave.

B

e

L
2 _

a-—-=" o S

F1a. 23.—Dimensions of sails of wheel No, 39.
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WHUEELS Nos. 45 TO 49.—Results of experiments.

No. of An%le Vtgloqit a:;;‘:fi‘}ed T:Vrﬁ‘:ei"f Proqﬁuct Pﬁ_odt;cttof Rz'gi" Date
wheel. ° Ol WING | 5"y for|  per a 9.4 & prod- ate.
weather.a |per hour. friction.| minute. maximnm.| maximnm. ucts.
o Miles. | Pounds. 1883.
17.5 at ab .
46 ||, [1om | 01| 6000 oL ST U June 25
a Q
L P “ o979 | 2.7| 85.19 | 230.013 '3135.201— | 1.701 | June 25
a6 || 7 lwoos| 48| o ... U I June 25
27.5 at gh N
20 atab
5. :t "d 10.918 | 0.1 156.63 ; ........................... June 21
A
L ® Ni1.000] 29| 79.99 | 231.971 '129. 195+ | 1.796 | June 20
5|2 o | sl o0 e June 21
30 atgh |
22.5 at ab |
s “d 11026 | 0.1 M8.68 |.ooovoee ool Juno 27
il * 110,980 | 3.3 73.31 | 241923  132.264—  1.829 |June26
47 S .44 | 60 0 | ... SO AU June 27
32.5 at gh |
o5
48 2’7’ . 9’: “;’ 1.125 | 0.1 14197 |.oooo .. TR June27
PRS2 : Y
T °“ 0.935 | 3.7 | 66.79 | 247.123 | 132.033= | 1.872 | June 28
a8 |22 o | 65 0 oo June 28
35 atgh
27.5
TN a’::;’ 1187 | 0.1 |136.80 |oeoomnesoeeaeeeaaclienenn. June 29
10 [l at 10.994 | 3.9 | 58.82 | 229,398 | 127.116— | 1.805 | June29
19 B 10,098 | 6.6] 0 |eeoroooiiee July 2
37.5 at gh
aLetters in this column refer to fig. 26, p. 61. ¢ Wind, 11.000 miles per hour.

b Wind, 10.980 miles per hour.

1.09=:;=x=ra,tio of velocity of wind to velocity 'of outer extremities of sails

of No. 48 for maximum work. See page 71.
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Fic. 25.—~Elevation and section of wheel No. 48. (Sail area, 14.159 square feet; efficiency, 0.283.)

Wheels Nos. 45 to 49 differed from each other only in angles of weather, and con-
tained six sails of lineal dimensions as shown in fig. 26. Sails were made by gluing
together several layers of paper which formed pasteboard about one-sixteenth of
an inch thick. The backs of front and rear edges of each sail were bordered by thin
pine strips. Backs of outer edges of sails were likewise bordered and held in shape
by stiff curved pine pieces. The inner end of each sail was fastened securely to a
thick curved pine piece, which was bolted against the outer end of a short ash arm,
so that the sail conld be turned on the bolt and set at any desired angle of weather.
Thus the arms did not extend beyond the inner ends of the sails. The outer cor-
ners of each sail were held in position by two fine brass wires extending to the front
inner corner of the succeeding sail. The front and rear edges also curved some-
what, so that the sails presented double concave surfaces to the wind. In construct-
ing these wheels we aimed at avoiding all unnecessary obstruction to the passage of
wind between the sails.



PERRY.] RESULTS OF ORIGINAL EXPERIMENTS. 61

reer

2.3599 S Va

F16. 26.—Dimensions of sails of wheels Nos. 45 to 49.

WHEELS NoS8. 2, 60, AND 61.—Results of experiments.

: Load | Turns of
No. of Xflmg applied | wheel | Product at otl‘) i?(:l_';c;t Ratio of Date.
wheel. per hour. g?é%ig'f mmelfte MAXIMUm. § aximom. products.
|
J . Miles. | Pounds. 1883.

60 | 8.451 1.9 | 56.50 | 107.350 | 58.273— | 1.842 Sept. 15
~61 8.452 1.9 3813 | a72.447 | 58.273= | 1.243 Sept. 15
| 2| 8.452 1.9 | 30.67 58.273 | 58.273= | 1.000 Sept. 16

o This produet may not have been a maximum, as only the one load, 1.9 pounds, was tried with
No. 61.

Wheel No. 60 was the same as No, 48, except that the sails were considerably
warped out of original shape from long standing and drying.
Wheel No. 61 was the same as No. 60, excgpt that along the back of each sail a
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rectangular piece of pine 1 by 1} by 17 inches was fastened to make an obstruction
representing an extension of the arm, as illustrated in figs. 28 and 29.
The relative efficiency of No. 60 as compared with No. 61 is indicated by the
equation
107.350 __
gy 42

F1a. 27.—Elevation and section of wheel No. 60. (Sail area, 14.159 square feet; efficiency, 0.284.)
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F1c, 28.—Elevation and section of wheel No. 61. (Sail area, 14.159 square feet; efficiency, 0.19i.)
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Fia. 29.—Dimensions of sails of
wheel No. 61 with obstruction
on back.

WHEELS Nos. 2, 49, AND 53 TO 57.—Results of experiments.

No or | Augleot| Velooty | applign | Tmmeof |
wheel. or. per hour. -i";'xoctll gg’: minute. .
o Miles. Pounds. 1883.
54 30 10. 989 0.1 79. 40 July 3
53 45 11. 156 0.1 &1. 80 July 3
b5 60 10, 985 0.1 80. 52 July 3
[ PO 11. 007 0.1 77.57 July 3
2 eeal..-. 10. 975 3.3 37.83 July 5
56 50 10. 968 3.3 40. 63 July 5
57 |~ 50 11. 054 3.5 62. 63 July 5
49 |........ 11. 032 3.5 64.22 July 5

Wheels Nos. 53, 54, 55, and 56 were the No. 2 wheel, with stationary rectangular
DLoard, 1 by 9+2 by 22 inches, placed in front of sails and with its face set at various
angles with plane of wheel, as indicated in table, to act as deflector. Board sup-
ported by arm outside of wheel on side farthest from axis of sweep; its lower edge
at height of axis of wheel, horizontal, and parallel to plane of wheel. Inner end of
board 9 inches from axis of wheel prolonged.

Wheel No. 57 was wheel No. 49, with the same board, described above, similarly
used as deflector, except that its lower edge was placed so as to clear the forward
edges of sails by abont 2 inches at each end.

In the case of Nos. 53 to 56 the center of board deflector was about 7 inches from
center of sails.
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WHaEELS Nos. 2, 49, 51, 52, 58, AND 59.—Results of experiments.

o:i.d g.p- Tur]'lns 1of
plie whee.

+0.1 for per Date.
friction. | minute.

ces . L
No. of Pos(l)lf:’lon Velogxtg of

wind
wheel. obstruction.| per hour.

Miles. | Pounds. 1883.
L2 P 1,141 ¢ 0.1 78.58 | July3
51 | Before..| 11.130 0.1 75.73 | July3
52 | Behind..| 11.045 ' 0.1 76.16 | July3
49 [ 10. 966 3.5 64.53 | Julyb
58 | Before..| 10.972 | 3.5 55.5¢ | Julyb
59 | Behind..| 10.972 3.5 60.06 | Julyb

Wheel No. 51 was No. 2, with'rectangular board } by 94 by 22 inches placed hori-
zontally in front of the side of wheel farthest from axis of sweep, its face parallel to
plane of wheel so as to act as obstruction to wind. Board held at its outer end by
means of an arm outside of wheel.

Distance from board to centers of sails, 8 inches.

Distance from inner end of board to axis of wheel prolonged, 9 inches.

Wheel No. 52 was the same as No. 51, except that the board was placed 8 iuches
behind centers of sails.

‘Wheel No. 58 was No. 49, with obstrution board above described similarly placed,
8% inches in front of centers of sails.

Wheel No. 59 was the same as No. 58, except that the board was placed 8} inches
behind centers of sails.

SAILS AT BEST ANGLES OF WEATHER.

Efficiency of various wind wheels at best angles of weather.

§ IS — . X N
& 151 ® . g ) o ) 2 Sa o s
Sl 0% |5 5.8l F|F8 | F | g |2 |2E A
- ~ ® S L~ 14 =] B = 'g c‘a o=
2 @ |3 < S E | % g g 8 o E
2 R - T | & | F | e =g 5. 5 &7 g4 .
T oad S g |E| w| B | ° q -5 ey & | B 52
o ° 2 oy 28 | 8 ] = g 1 | 2d g oms| 29 3
2 2 ) ] a8 ‘g g £ L= T2 Z |E838| HRw
el < ] I3 2= ® L8| E33
=3 >} = =] 3 =) = 4 1
A | 4 | F |8 |a|S3|& & & RS 7
8q. Jt. o Miles. Lbs. | Lbs.
1| 9.190 35 8.452 | 60.0 |.....| 1.6 | 81.69 50,704 | oot 30 ﬂa
2 [ 18.330 35 8.403 | 59.0 | 4.1 | 1.9 32.875 | 62.463 | 62.463 1.000 0.0544 | 60 u"
10 | 10.688 27.5 | 8.338|72.0 |..... 1.7 | 39.33 66.861 |......... R ceeeeal| 24 @
19 | 12.937 27.5| 8.500 | 75.5 (3.2 1.9 39.57 75.183 | 62.719 ! 1.204 | . 0931 | 24 B
34 | 12.937 | 25,35 8.502 | 76.5 | 3.4 | 1.7 | 43.77 74.409 | 61.655 1 1.207 | . 0938 | 24 B
24 | 15.000 27.5 | 8.426 | 72.7 | 3.4 | 1.9 | 38.87 73.853 | 60.762 | 1.212 | .0808 | 24
29 | 17.016 27.5 | 8.406 | 73.0{3.6 (1.9 ( 39.10 T74.200 61.845 | 1.201 | .0706 | 24
° |
35 | 12.937 27.5 | 8.424 | 77.0 | 3.3 | 1.7 | 46.64 79.288 , 63.726 | 1.244 | . 0962 | 12
36 | 12.937 25 8.499 | 80.0 | 3.0 | 1.7 [ 47.05 79.988 | 62.852 | 1.273 | . 0984 | 12
44 | 13.5%0 | 25,30 8.477 1 85.0 | 3.5 1.9 | 44.35 84,265 | 60.953 | 1.382 | .1017 | 12 @
40 | 12.937 27.5 | 8.459 | 81.5 3.6 | 1.9 | 45.74 86.906 | 62.928 | 1.381 | .1067 | 12
43 | 12.937 | 25,30 8.476 | 84.5 | 3.5 | 1.9 | 45.92 87.248 | 62.396 | 1.398 | .1081 { 12 @
48 | 14. 159{ 3222’ %g 5 }10‘ 935 (141.0 | 6.1 [ 3.7 | 66.79 | 247.123 | 132.033 | 1.872 | .1322 | 6
- 5,

IRR 20—5
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The velocities of wind given in this table are strictly correct only for products at
maximum, though they are very nearly correct also for products of No. 2 at maxi-
mum, The velocities of wind are®only approximately correct for turns of wheels
unloaded and for starting forces. Nothing was added to starting forces for friction,
and the 0.1 pound was added to starting forces in preceding tables only for con-
venience,! For further particulars consult preceding tables.

RELATIONS OF THREE DIFFERENT VELOCITIES OF WIND.

Relation of different velocities of wind to maximum products.

Product at maxi-

An§le No.of ‘Wind per hour. mum. b (b)3 B §_<b)3 Ax<b)3
o o 2 ) 92
weather. wheel. a a A A \a. @
. a b A B
o Miles. | Miles. .
2| 6.371| 8.459 | 26.290 62,928 | 1.328—| 2.342 2.394 | 40.052 61.571
35 { 2| 8.459 | 11.041 | 62.928 | 135.498 | 1.3054| 2.223 2.153 | — .070 139. 889
2| 6.371 | 11.041 | 26,290 | 135.498 | 1.733 | 5.199 5.164 | — .045 136. 682
40 | 6.371 | 8.439 | 36,190 86.906 | 1.328—| 2,342 2.401 | 4 .059 84,757
27.5 { 40 | 8.459 | 11.041 | 86.906 | 185.856 | 1.3054| 2.223 2,139 | — .084 1938. 192
40 | 6.371 | 11.041 | 36.190 | 185.856 | 1,733 | 5.199 5.135 | — .064 188.152
41 | 6.459 | 8.496 | 38.577 88.939 | 1.3154| 2.2744+[ 2.306 | 4 .032 87.724
25 { 41 | 8.496 | 11.022 | 88.930 | 182.985 | 1.2974| 2.182 2.0574H — .125 194. 065
41 ] 6.459 | 11.022 | 38,577 | 182.985 | 1.7064| 4.9654-| 4.743 | — .222 191.535
42 | 6.429 | 8.464 | 35.580 81.985 | 1.3174| 2.284+| 2.304+| + .020 81.265
30 { 42 | 8.464 | 10.997 | 81.985 | 187.204 | 1.2994) 2.192 2.2844| + .092 179.711
42 | 6.420 | 10.997 | 35.580 | 187.294 | 1.7074| 4.974 5.264 | + .290 176.975

Conclusion.—Maximum products vary as the cubes of the velocities of wind. Some
allowance must be made for the differences in time and condition of air under which
the various products were obtained; considering these differences, there is no unac-
countable variation from the law of cubes.

Relation of different velocities of wind to starting forces.

‘Wind per hour. Starting forces.

Ag%le Nlcl). olf b (2)2 B
wheel. a @ A
weather. a b n B
° Miles. Miles. | Pounds. | Pounds.

6.380 | 8.405 2,3 4.1 | 1.319— 1.740 1.783
8.405 | 10.989 4.1 7.0 | 1.307 | 1.708 1.704
6.380 | 10.989 2.3 7.0 | 1.722 | 2.965 3.043
40 | 6.403 | 8.519 2.0 3.65 | 1.330 | 1.769— 1.825
40 | 8.519 | 10.944 3.65 6.2 | 128 | 1.651 1.699
40 | 6.403 | 10.944 2.0 6.2 | 1.709 | 2.921—  3.100
41| 6.404 | 8.496 1.9 3.35 | 1.327—| 1.761 1.763
41| 8.496°| 11.111 3.35 5.5 | 1.308— 1.7T11—| 1.642
41| 6.404 | 11.111 1.9 5.5 [1.735 | 3.010 2.89%
42 | 6.411 | 8.475 2.2 3.8 | 1.322 | 1.748 1.727
42 | 8.475 | 11.063 3.8 6.8 | 1.305—| 1.703 1.789
42 | 6.411 | 11.063 2.2 6.8 | 1.725 | 2.976— 3.091

35

L\CI G )

27.5

30

D
ot
—m —P— A — A

Conclusion.—Starting forces vary as the squares of the velocities of wind.
1See starting forces, *8,” p. 25.
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Relation of different velocities of wind to speed of unloaded wheels.

‘Wind per hour. Tuarns unloaded.

Angle of | Nos. of kN B
weather.| wheels, a
@ b A B
° Miiles. Miles.
2| 6.437 | 8.511 | 43.78 | 59.62 | 1.322 1.362
35 2 8.511 | 10.996 | 59.62 78.68 1.292 1.320
2| 6.437 ] 10.996 | 43.78 | 78.68 | 1.708 1.797 1
40! 6.372 | 8.498 ! 60.27 | 82.13 ! 1.334 1. 363
| 274 40 | 8.498 | 10.890 | 82.13 | 106.73 | 1.281 1. 300
40| 6.372 | 10.890 | 60.27 | 106.73 | 1.709 1771
41 | 6.444 | 8.461 | 165.33 | 84.70 | 1.313 1.296
25 41 | 8.461 | 10.963 | 84.70 | 111.10 | 1.296 1.312
41| 6.444 | 10.963 | '65.33 | 111.10 | 1.701 1.701

42 | 6.464 | 8.491 | 59.13 | 77.95 | 1.316 1.318
30 42 | 8.491|10.974 | 77.95 | 103.50 | 1,292 1.328
42 | 6.454 | 10.974 | 59.13 | 103.50 | 1,700 1.750

1 Too great because of outside wind and perhaps other causes.

Conclusion.—Speeds of unloaded wheels increase in somewhat greater ratio than
the velocities of wind.

All wind wheels tested were 5 feet in external diameter, and all sails were 18
inches long except in the case of Nos. 46 to 49 and Nos. 60 and 61, in which wheels
the sails were 19 inches long, 1 inch being added for support at inner ends.

AUTOMATIC BRAKE ADJUSTER.

On March 13, 1883, the dynamometer was improved by the addltlon
of an automatlc brake adjuster. Previous to this date the brake was
adjusted as described on page 23 through regulating the tension of
the adjusting cord by sliding a weight in and out on a lever attached
to the cord.

This method required time and patience in order to get an exact
balance between the load applied and the friction of brake, and it was
also necessary to exercise judgmentin determining when the balance was
exactly even. Furthermore, an exact balance was not always retained
during a test of one minute, as required for aceuracy, and frequent
readjustments were constantly necessary. Thelaborinvolved in adjast-
ing and maintaining a proper balanee of friction and load became very
tiresome when kept up for from six to eight hours continuously, as was
frequently the case; and weariness was detrimental to the perceptions
as well as to the Judgment Therefore, an antomatic adjuster became
very desirable, both for relief to the mind and for the increase of

' accuraecy.

The automatic brake adjuster, after various attempts and failures,

was finally constructed as follows: The brake and adjusting cord were
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left substantially as previously described on page 23; but one end
of a short rod three-sixteenths inch in diameter was attached to the
cord where it was brought back from the brake in a direction parallel
to the axis of the shaft. The other end of this rod had a full thread,
32 to the inch, and a nut which was fastened to a wooden wheel A, 63
inches in diameter. This wheel was supported on a hollow tube through
which the rod passed, and against the outer end of which the nut rested.
The nut communicated tension to the adjusting cord, which was tight-
ened by revolving the wheel A in one direction and loosened by turn-
ing the wheel in the opposite direction. This wheel A was driven by
a small wheel B, 14 inches in diameter, fastened to a large wheel O, 5
inches in diameter. This wheel C was driven by another small wheel
D, 1% inches in diameter, fastened to a large wheel F, 4 inches in
diameter, the periphery of which was constantly in contact with another
wheel F of the same dimensions. The wheels E and F were supported
by a tilting frame which oscillated on a supporting rod passing through
the centers of the wheels B and C, but not touching them. The wheels
E and F hung in close proximity to the rear end of wind wheel shaft, 1
inches in diameter, so that a slight movement of the tilting frame would
bring either of the wheels F or F in contact with the shaft; and if
wheel F came in contact with the shaft while revolving, the adjusting
cord would be drawn tighter, and if wheel F came in coutact with the
shaft, the tension of the cord would be relaxed. The tilting frame was
connected with the brake and partook of its oscillating motion, so that
if the friction of the brake was too small to lift the load applied, wheel
E would be in contact with the shaft and would cause an increase in
the friction of the brake until the load was lifted and contact between
wheel F and the shaft broken. If the friction of the brake was too
great, the load applied was raised until wheel .F came in contact with
the shaft so as to cause a diminution of friction until eontact of wheel
F with the shaft was broken. It was very easy to tell at any time if
friction of brake was too little or too great, by simply watching the
direction of movement of wheels ¥ and #. This did not require the
exercise of judgment, as errors of balance were greatly magnified to
the eye and made self-correcting. All contacts between the various
wheels, 4, B, C, D, E, F, and shaft were frictional. Wheels B, C, were
entirely supported by contact of peripheries with wheels 4 and D, and
wheel I was so hung to a separately hinged support that its own weight
produced a uniform pressure against wheel ¥, The entire automatic
system was supported independently of the brake; the connection with
the brake served only to give the necessary oscillatory movement to
the tilting frame, which was also balanced both as regards the action
of gravity and centrifugal force when the sweep was in motion.

Some power of the wheel was necessarily consumed by the auto-
matic adjuster, but it may be ascertained, from the description and
dimensions given, that a point in the wind wheel 1 foot from the center
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of shaft would move in tightening the adjusting cord about 67,019
times as far as the threaded rod attached to the cord; from this it
follows that the pressure of the brake against the cylinder was 67,019 x
16 =1,072,304 times as great as the force required at 1 foot from the
center of shaft to produce the pressure, without considering the friction
of the automatic system. And if we make the very liberal allowance
of one-third additional force required to overcome the friction of the
automatic system and call the friction of brake 0.05 of pressure, remem-
bering that the diameter of cylinder was 5} inches, we may readily find
that the force required to produce friction of brake equal to any load
would be only about 13157 part of that load at the same distance from
center of shaft. Hence, it will be seen that the power consumed by
the automatic brake adjuster was too minute materially to affect prod-
uets and called for no correction.

THEORY OF THE ACTION OF THE WIND UPON THE SAILS OF WINDMILLS.

‘Where a fluid moves along in a current, the direct force of the cur-
rent is expressed in pounds by the formula Mwv, in which » represents
the velocity of flow in feet per second and M is the mass of fluid which

flows per second past a fixed point. M= %7, W representing weight in

pounds of fluid passing the fixed point per second, and g = 32.2, the
counstant for gravity. !

‘Where a current acts against a surface and its direction is simply
changed by the surface without impeding its velocity, a direct pres-
sure = Mv is exerted by the impinging current in the direction of its
motion, and an equal pressure is exerted by the current as it escapes
from the surface, = Mw, in a direction opposite to the direction of
eseape.

If the current impinges against a surface which is itself in motion,
the relative velocities of the impinging and escaping currents must be
considered in determining the forces which act upon the moving sur-
face. Of the two equal forces due to impingement and escape of cur-
rent the sum of those components acting in the direction of motion of
the surface constitutes the useful effort designated by P, and if the
velocity per second of motion of surface is called u, the useful work
yielded per second by the current will be represented by Pu. The

2 2 >
actual energy of the current is represented ? by 4422 =vg—;. The ratio
of useful work to actual energy is termed efficiency, and is repre-

2
sented * by the symbol 1 — k= 53;" .

In deduecing formuls to represent the action of wind upon the sails
of windmills we have proceeded upon the assumption that the sail

1 See Rankine's Steam Engine, articles 14 and 144, Case ITI.
2 See Rankine’s Steam Engine, article 31.
8 See Rankine's Steam Engine, article 92.
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should be of such form as most effectually to change the air current
into a direction as nearly as possible opposite to the direction of the
sail's motion. We have also assumed, in accordance with principles
stated by Rankine concerning the action of water on vanes, that the
receiving edge of the sail should be tangent to the relative direction of
the impinging current. These conditions are represented in fig. 30, in
which DE = v = direction and velocity of wind, AF = w = direction
and velocity of sail, and « = angle DFA, which the direction of wind
makes with direction of motion of sail.
Then, DA = relative direction and velocity of current with reference
to sail AB.
Let BG = AD = relative direction and velocity of current as it
escapes from the sail.
B = angle BGF which relative direction of escaping current makes
with direction of sail’s motion.
Then )
DCO=vsin a.
AC=u—vcosa.
AD= vy sin? a4 (u—wvcos a)’.
GF=GBcos f=ADcos g.
GF =cos v v?sin? a+u?—2 uv o8 a+7° cos’ a.
GF= cos B>+ u>—2uv cos a.

If Q= volume in cubie foot of air acting on sail in 1 second, and d =
weight in pounds of 1 eubic foot of air, we have for useful effort

: P=%Q(GF—AO).

P=U%Q[OOS BVW 2 —2uv cos a—u+-v cos al.

p/4
4
a\g
AN
&
7 (|
:(_...—.— U -

F1a. 30.—Action of wind on a sail.

The expression for useful work becomes

P’“=? fu cos BV uPFv?—2 uv cos a—u?+uv cos al. (A)

Mv?_d

Dividing by = _%;_2 we have for efficiency

1—k=2% ¥ _ 9%e0s a—2% +2%cos a.
k 20003,6«/1-}-”2 2/0(30801 2,,,z+2,¢,cos“
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Or letting %:w,

1—Fk=2x cos BV 1+a?—2x cos a—2x*+ 2« cos a. (B)

By substituting — cos y for cos 8 in formula (A) the expression for
Pu becomes the same as formula (6) on page 165 of Rankine’s Steam
Engine.

To find an expression for x corresponding to maximum efficiency, for
general values of « and § would, as Rankine remarks, be more trouble
than it is worth. But in the case of the windmill we know that
a=90°, which makes cos a=0. Hence, formula {B) becomes

1—-k=2cos BV Pt zi—222 (©)

The relation between x and 8 corresponding to maximum and mini-
mum efficiency will be expressed by the formula

1
__%ﬂ:%\/l cos?B EEE T ng (D)

From this it appears that if S=0, as it should for maximum efficiency,
x becomes infinite. That is, the theoretical efficiency of the windmill
becomes greater as the speed of the sails increases indefinitely.

If =0 formula (C) shows that

For =1, 1—-%k=.828; for x=2, 1—1k=.944;
For v=3, 1—k=.973; for x=10, 1—k=.9974;

or almost perfect efficiency when the speed of the sails is 10 times the
velocity of the wind. Perfect efficiency, however, could not be reached
unless £=cw.

Of course the formula does not take into account the retarding effect
of friction, resistance of medium, and other causes which make it
impossible to realize in practice anything like the efficiency 1ndlcated
by the formula; and in practice 8 can never equal 0 as it should for
perfeet efﬁeiency.

Letting #=1 and assigning more probable values to 8, formula (C)
gives

For =100, 1—1k=.78b.
For ﬁ=20°, 1—.76':.657.
For =300, 1—k=.449.

Theoretically the analysis of the action of wind on the sails of a wind-
mill corresponds to the analysis of the action of water on a reaction
wheel or turbine without guide blades.! In the windmill, as eommonly
made, angle « in our formula (B) is necessarily 90°; but the formula
suggests guide blades or deflectors corresponding to those of parallel-

1 See Rankine's Steam Engine, pp. 197 and 206.
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flow turbine water wheels, Forif we give to x and £ any probable finite
values, we may find the values of angle « corresponding to maximum
efficiency from the formula,
cos a=1%(w +%_ — x cos 2f3) (E)

in which—

For # =3 and 8 = 100, a = 77° 46/;

For £ =2 and 8 =109, a = 730 44/;

For x =3 and /= 209, a = 70° 00';

For x =2 and 8 = 200, a = 680 28/;

For x =1 and 6 = 20°, &« = 56° 03'.

These assumptions for # and S8 are plausible, as x varies greatly
between the outer and inner extremities of a sail, and £ should be
assumed as the average angle of escape of the whole cylinder of air
intercepted by the wheel, and not as the angle merely of that portion
of air which comes immediately in contact with the sails, or which the
sails directly intercept.

It is to be noticed that formula (B) does not take into account as such
the angle of weather, which seems to be incidental to practice but not
to theory.

As we have already pointed out, our formula (A) is substantially the
same as Rankine’s general formula for the action of water on vanes.
But Rankine, instead of applying his general formula to windmills,
breaks entirely away from it, and uses another formula specially deduced
for the “case of a flat vane oblique to the jet,” and which he calls the
‘‘easiest method of solution.”” But that his ¢ easiest method” is erro-
neous even in the case specified, is evidenced by the fact that a very
different result is obtained by the application of his general formula.

‘We pointed out the nature of Rankine’s error in a paper dated
December, 1881, which was submitted to Prof. R. H. Thurston, of
Stevens Institute of Technology. Other writers on windmills have
made the same mistake. The theory and formula which we have here
given are abstracted from a paper also prepared for Professor Thurston,
dated March 6, 1882,

Theoretical considerations were kept in view during our dynamomet-
ric experiments. It will be seen from the preceding tables of experi-
ments how closely the results obtained in practice correspond to theory.

DISCUSSION® OF RESULTS.

THERMOMETRIC AND BAROMETRIC INFLUENCES.

The preceding pages are substantially an unchanged reproduction
of the records made by the writer for the United States Wind Engine
and Pump Company of Batavia, Illinois, during and immediately after
the experiments in 1883. The only alteration we have presumed to

1See Rankine’s Steam Engine, pp. 169 and 215.
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make is in omitingsthe records of barometric readings which were made
during the earlier experiments. No barometric readings were taken
or recorded after December 21, 1882,

CONSTRUCTION OF TABLES.

In tables on pages 28 to 46 results are recorded for a greater or less
number of loads increasing usually by increments of two-tenths pound.
Although the results are always given in the order of increasing loads,
they were not always obtained in that order, as is indicated by the
marginal dates at the right-hand side of some of the tables. Enough
tables were prepared in this manner to show how in general the speeds
of revolution decreased as the loads increased, and how the products
increased with the increasing loads up to a certain point, which marks
the mazimum, and then decreased continually with further increments
of load until the vanishing point was reached. It was not necessary to
try many different loads in order to find the best load corresponding
to the maximum product. This could be ascertained by a few trials,
and as our main object was to get at the relative merits of the wheels
tested, we subsequently abandoned the practice of trying so many
different loads, and confined our attention more strictly to the deter-
mination of maximum products, starting forces, and unloaded speeds;
so that the remaining tables on pages 47 to 65 show in general only
these three results for each wheel and comparisons of results with -
different wheels. Special explanations relative to special tables are
given elsewhere.

EXTREME RESULTS.

In addition to the original tables already presented, we have collected
together in the following table the maximum products given by wind
wheel No. 2 at the various dates it was tested in connection with other
wheels. It may be observed that the lowest maximum product was
58.083, recorded on April 10, 1883, and that the highest product for
wind of nearly the same velocity was 65.474, recorded on May 5, 1883.
The products for the same wheel thus vary nearly 13 per cent on different
days. Taking the temperature and barometric pressure of Chicago on
the two days above mentioned as approximately the same as at Batavia,
35 miles distant due west, we are able to account for but little more
than 2 per cent of the variation. Notice also that in wind of about 11
miles per hour, the lowest maximum product was 124.839, recorded on
July 5, 1883, and that the highest product was 138.897, recorded on
May 22, 1833, Here a variation of over 11 per cent appears for the
same wheel on different days. In this case the difference in tempera-
ture and barometric pressure at Chicago might account for a little more
than 8 per cent of the variation.
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Mazximum product of wheel No. 2 at different dates.

Velocity of Velocity of
. or ;ﬂmr. at gls;.(;ilﬁu:m Date. » e‘rviﬂmh at Eﬁﬁzm Date.

BMiles. 1883. Miles. . 1883.
8.485 | 58.083— | Apr. 10 8.478 | 62.928— | Apr. 27
8.499 62, 719-- Apr. 11 8.496 65.474— May 5
8. 487 62.966— | Apr. 12 8. 459 62, 928— May 3
8.463 62, 225 Apr. 16 8.464 61, 180= May 7
8.461 58. 957— Apr. 17 8.476 62. 396= May R
8.432 62. 966-}- Apr. 9 8.512 63. 650—= May 1
8.432 | 60,762 Apr. 6 8.477 | 60.952 May 9
8.455 61. 902— Apr. 6 8.452 58.273 Sept. 15
8.398 | 61.142 Apr. 4 11.041 135.498 May 17
8.395 | 61.3704 | Apr. 3 | 11054 | 126,984 July 2
8.403 62. 463— Mar. 14 11.021 | 137.346 May 29
8.410 61, 845— Mar. 27 10.997 | 138.897 May 22
8.427 62. 478+ Mar. 28 10.980 | 135.201 June 25
8.419 61. 864— Mar. 30 11. 000 129,195 June 20
8. 446 61. 408-- Mar. 31 10.980 | 132.264 June 26
8.501 61. 655-1- Apr. 18 10. 935 132.033 June 28
8.488 63. 802 Apr. 28 10. 994 127.116 June 29
8. 500 62. 852— Apr. 26 10. 975 124. 839 s July 5
8.425 63. 726— Apr. 25

INFLUENCE OF OUTSIDE WIND.

Experiments were conducted in a closed room to insure the exclusion
of all natural wind. The exclusion of wind from the inclosed space,
however, was not perfect. The wind circling around the outside of the
building undoubtedly at times caused a slight circulation of air inside,
which may have been more potent in causing variations in results than
either thermometric or barometric influences. The windows were
always kept carefully closed during experiments, and the doors also
were guarded as much as possible. The doors, however, were neces-
sarily used, and we distinctly remember being obliged to discard many
measurements on account of doors being opened during tests on windy
days. But unless a door was opened during a test we considered that’
errors from influence of outside wind were sufficiently guarded against
by our practice of comparing all results with those obtained with
wheel No. 2, under like conditions, as explained in the original records.

STANDARD OF COMPARISON.

As stated in the original record, wheel No. 2, which we always used
as o standard for comparison, was modeled after the Halliday 10-foot
wind wheel; that is to say, the slats, arms, etc., were the same in number
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and of the same relative dimensions on a scale of one-half. There was,
however, this difference, that the Halliday was what is called a section
wheel, having pivoted sections for the purpose of regulation. Wheel
No. 2 had all its parts rigidly fixed with reference to each other, and
therefore was more like the solid wheels in common use at the time,
The solid wheels were really copies of the Halliday, so far as the sails
or slats and the arms were concerned. The only essential difference
between section and solid wind wheels related to the method of stop-
ping and governing their motion. Different makers of both styles of
wheels had their own notions about angles of weather and proportions
of sail surface. The Halliday 10-foot wheel had its slats set at an angle
of 35° with the plane of motion. The slats were as thin as was con-
sistent with safety, considering that their material was wood, and they
were trimmed to a sharp edge, so as to cut the air as much as possible.

Nearly all wind wheels in use at the time of our experiments in
1882-83 were made with narrow wooden slats, similar in general appear-
ance to our wheel No.2. Some makers adopted greater angles of
weather than 35 degrees, and even let the sails overlap so as to boast of
greater sail area for their wheels as a basis for claiming greater power.
A 45-degree angle of weather was not uncommon, and the slats were
often made thicker than those of the Halliday wheel; besides, they were
not always trimmed to an edge in front.

In adopting as our standard of comparison a wheel modeled after
the 10-foot Halliday, we believe that we made use of the best model
available to represent wind wheels in general as then constructed.

CORRECTIONS FOR AXLE FRICTION.

1n the earlier tables 0.3 pound was added to all applied loads. This
0.3 pound was arrived at as explained after the table on page 38, and
was in reality an estimate of frictional resistance to starting, or to
slow motion. As authorities stated that friction was the same at all
velocities, we adopted 0.3 pound as approximately representing the
frictional resistance of the journals without regard to speed. We after-
wards learned that the axial friction diminished greatly with increase of
speed of revolution, as is made evident by comparing the speeds bf the
same wheels after starting friction was greatly reduced with the speeds
before reduction of friction under the same applied loads and also -
unloaded. (See original records after table on page 38.)

‘Wheels Nos. 2, 18, and 19, especially, may be compared. Subtract
0.3 from loads in the tables giving average results for wheels Nos. 2,
18, and 19, on pages 29, 43, and 44, and subtract 0.1 in tables on pages
27 and 47 to obtain applied loads. Evidently there is very little differ-
' ence between the axial frictions in the two cases for unloaded wheels.

‘We can not now, after a lapse of more than fifteen years, undertake
to assert what the axial friction previous to March 13, 1883, should
have been called for different speeds. Butif in the table on page 29 we
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call friction 0.15 pound, we shall find the maximum product to be
61.846 instead of 66.860, as there recorded. And as this correction
would make this table agree substantially with the general results of
the table on page 74, it seems probable that 0.15 pound is about the
right amount to allow for friction in the first twenty-one tables to
obtain maximum products.

If in the table on page 43 for wheel No. 18 we call friction 0.15
pound, the maximum product will become 76.869, obtained January 13,
1883. On April 10, 1883, the same wheel, No. 18, gave as maximum
product 69.300, showing a variation of more than 12 per cent. But the
United States Signal Service records in Chicago show for these two
dates a difference of more than 1 inch in the barometric column, and
about 39 degrees difference in temperature, which will account for a
variation of about 12 per cent. Again,if in the table on page 44 for
wheel No.19 we call friction 0.15 pound, the maximum product will
become 82.130, obtained January 18,1883, On April 11,1883, the same
wheel, No, 19, gave as maximum product 75.185, showing a variation of
over 9 per cent. The differences in temperature and barometric pres-
sure as given for these two dates by the Signal Service records at
Chicago would account for a variation in atmospheric density of just
about 9 per cent. These three wheels, Nos. 2, 18, and 19, are the only
ones tested both before and after the reduction of friction on March
13, 1883, While the products as recorded in the tables in which 0.3
pound was added to loads are all too large, their comparative values
are not greatly distorted by the excessive allowance for axial friction.

The smaller allowance for axial friction will sometimes make the
maximumn product correspond to the next greater applied load, as in
the case of wheel No.19, page 44. But in the tables on pages 29 and 43,
after allowing 0.15 pound instead of 0.3 pound for friction, the maximum
products still correspond to the same applied loads and the same speeds
of revolution as before.

AERIAL FRICTION.

So far we have not attempted to estimate the friction and resistances
of the'air itself, although the tables on pages 57, 59, and 61 are very sug-
gestive on this point, and theoretical considerations also indicate the
great importance of this subject, as will hereafter appear.

RELATION BETWEEN SPEED AND LOAD.

The following table shows the relation between speed and load for
various wind wheels:



PEERY.] SPEED AND LOAD. 1

Table showing the relation between speed and load.

4 B c D
No. of ;Lngles of 4 4 Sail
wheel. weather. ’I‘qmnat ep:: T;rirrxsl 1gﬂer B Lxgzg{ ﬁt Starting D | surface.

g;;!lmum. unloaded. mum. | foree.
o Square feet.

1 35 31.69 59.08 | .54 ] 1.65  2.55 | .65 9.19

2 35 33.43 57.95| .58 | 1.8 | 3.55 | .52 | 18.38

’ 3 124.5,11.25  47.48 90.48 | .52| 1.35| 2.10| .64 | 13.59

4120, 30 55. 93 89.43 | .63 | 1.55 | 3.00 | .52 | 13.59

5 (22.5,32.5 46,10 8.78 | .53 | 1.95, 3.4 BT | 13.59
6 30 42,10 69.03 | .61 1.65| 3.1 53 | 10.688
7 25 47.40 73.60 | .64 | 1.35| 2.5 .54 | 10.688
8 35 36.84 62.67| .59 | 1.75| 3.25| .54 | 10.688
9 32.5 34. 58 66.40 | .52 | 1.95| 3.1 63 | 10,688
10 27.5 39.33 72.23 | .54 | 1.75| 2.95 | .59 | 10.688
11 20 45, 46 .60 | .59 | 1.35| 2.00] .68 | 10.688
12 15 13.88 75.60 | .58 | 1.15| 1.4 | .82 | 10.688
13 40 28,70 56.33 | .61 | 2.15, 3.4 .63 | 10.688
14 45 24.72 48.60 | .51 | 2.15| 3.5 .61 | 10.688
15 47.5 25.30 46.84 | .64 | 1.95| 3.65 53 | 10.688
16 50 20. 67 42,40 | .49 | 2.15| 3.60; .60 | 10.688
17 |25, 35 38.70 73.90 | .52 | 1.75| 2.75 64 | 10.688
18 T 25 39,42 75.58 | .62 1.95| 3.1 63 | 12.937
19 27.5 38.20 72.26 | .529] 2.15| 3.3 .65 0 12,937
20 30 39. 87 70.78 | .56 | 1.9 3.45 | .55 | 12.937
21 32.5 38.72 67.97 | .57| 1.9 3.6 .53 | 12.937
22 35 31.96 64.20 | .50 | 2.1 3.8 .55 | 12.937
23 25, 30 43.21 73.46 | .59 | 1.75| 3.26| .bB4 | 12.937
24 27.5 38. 87 72.60 | .54 1.8 3.4 .53 | 15.000
25 30 38.95| . 69.00( .56 | 1.8 3.6 .50 | 15.000
26 25 43.74 75.38 ( .58 | .1.7 3.15 | .54 | 15.000
27 35 33.74 63.65 | .53 | 2.1 4.0 .53 | 15.000
28 32.5 34.49 67.07 ] .51! 2.1 3.8 .55 | 15.000
29 27.5 39.10 73.10 | .53 1.9 3.6 .53 | 17.016
30 30 35.15 69.18 | .B7T | 2.1 3.9 .54 | 17.016
31 32.5 34.94 66.73 | .62 | 2.1 4.0 .52 | 17.016
32 35 33.43 62,90 | .53 | 2.1 4.2 .50 | 17.016
33 25 37. 80 75.46 ) .50 | 1.9 3.4 .56 | 17.016
34 25, 35 43.77 76.47 | .57 | 1.7 3.4 .50 | 12.937
35 27.5 46. 64 76.78 | .61 ] 1.7 3.3 .52 | 12,937
36 25 47.05 80.67 | .58 [ 1.7 3.0 BT 12,937
37 30 40.41 73.12| .55| 1.9 3.5 54| 12.937
38 22,5 52.51 84.65 | .62 1.5 2.8 .54 | 12.937
39 27.5 35.57 64.52 | .55 1.9 3.6 .53 | 13.072
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Table showing the relation between speed and load—Continued.

A B g D
No.of | Angles of 4 o Sail
wheel. weather. | Turns per | Tarns per B |Load at Starting D surface.
ki, | ualoaded. mom, | foree:
o Square feet.
40 27.5 45.74 82.13 56| 1.9 3.65 .52 | 12.937
41 25 46. 81 84.70 | .55 | 1.9 3.35 | .53 | 12.937
42 30 43.15 77.95 55 1.9 3.8 .50 | 12.937
43 125, 30 45.92 84.92 54 1.9 3.5 .54 12.937
44 125, 30 44.35 84. 88 .52 1.9 3.5 .54 13. 590
45 120, 30 79.99 156. 63 .51 2.9 5.1 .57 14.159
46 117.5,27.5 85.19 160. 90 .52 1 2.7 4.7 .57 | 14.159
47 122.5,32.5 73.31 148. 68 .49 3.3 5.9 .56 14. 159
48 25, 35 66.79 141. 97 .47 3.7 6.4 58| 14.159
49 127.5,37.5 58. 82 136. 30 ..43 3.9 6.5 | .60 14. 159

BEST SPEEDS FOR WIND WHEELS,

In the fifth column of the preceding table the decimal fractions%

indicate for the various wind wheels the ratio of speeds at maximum
work to the speed of wheels unloaded.

By consulting the original tables on pages 28 to 46, it may be noticed
that there are generally four or five products nearly as great as the
maximum product for each wheel. Where the two greatest products
are nearly the same, a very slight difference in velocity of wind, or
other cause, may make the maximum result correspond to either of two
different loads or two different speeds. This may account for certain

Y|
apparently rather wide variations in the columns B and 1%]

In general the best speed for most of these wind wheels is about 0.55
of the unloaded speed, and a variation of spéed between 0.45 and 0.70
of the unloaded speed will not make a very great difference in the
amount of work performed, provided the load is varied to suit the
difference in speed.

BEST LOADS FOR WIND WHEELS.

In the eighth column of the preceding table the decimal fractions

% indicate the ratios of loads at the maximum of work to the greatest

loads that the wheels can start without continuous turning.

In collecting from the original tables the numbers D, which repre-
sent starting forces, the original figures were corrected so as to exclude
what was originally added for axial friction. (See ¢ Starting forces”
on page 25.) Where 0.3 pound was added to applied loads prior to
March 13, 1883, the figures were corrected for C in the sixth column
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to correspond to an axial friction of 0.15 pound, as explained under the
heading ¢ Corrections for axial friction,” page 75.

In general, it may be said that the ratio of best loads to starting
forces is about 0.55, and that there may be a variation in the load
between 0.50 and 0.65 of the starting force without serious impairment

of efficiency. .
CONICAL DEFLECTOR IN CENTER OF WHEELS,

‘Wheel No. 50 was tested because our attention was called to a wind-
mill patent in which a conical deflector was shown. Besides saving
the wind that otherwise would pass through the center of wheel
unoccupied by sails, an advantage was also claimed because the air
was made to act with greater leverage on account of encountering the
sails farther from the axis. The experiment showed there could be no
possible advantage from such an arrangement.

AIR-CUSHIONED SAIL SURFACES.

When wheel No. 39 was constructed, the narrow strips of board
along the edges of the sails were intended not to obstruet the spaces
between sails, but to afford air cushions on the faces of the sails against
which the wind might act to better advantage than against plain sur-
faces. It had become apparent that plain sails were decidedly inferior
to sails with concave faces, whether circular or angular. (Note experi-
ments with wheels Nos. 40, 43, and 44.)

It was contended by certain windmill experts that the narrow strips
added to plain sails, as used in wheel No. 39, would answer the same
purpose as the sail forms of wheels Nos. 40, 43, and 44, and that wooden
wheels could be more easily constructed in that way. One of the
experts had constructed wind wheels similar to wheel 39. It was
immediately due to the suggestion of another prominent windmill offi-
cial that wheel No. 39 was made and tested. TFor ourselves, we had
much more decided opinions after the test than before, notwithstanding
the fact that our mathematical solutions as presented in this paper were
written out and made public before any of our experiments were com-
menced. Whatever value there may have been in the air-cushioned
sail faces of wheel No. 39, the advantage was more than nullified by
the obstruction of spaces between sails and the bad contours of their
backs.

OBSTRUCTIONS ON THE BACK OF SAILS.

Our experience with wheel No. 39 suggested that the arms and bands
also might be detrimental to the proper smooth and peaceful flow of air
between the sails. So we next constructed and tested wheels Nos. 45
to 49, which hdve no bands and no arms along the backs of the sails.
The results, as shown in the table on page 59, speak for themselves.

It may be noticed that wheel No. 47 carried 3.3 pounds as best load,
the same as the best load of wheel No. 2, over which it shows a gain
in power of about 83 per cent. The gain, therefore, in this case was
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entirely in speed. Notice also the ratio between the speeds of the two
wheels running unloaded, 148:¢8—1.91. The denominator, 77.85, is

taken from the table on page 27.

WASTE OF POWER DUE TO THE ARMS OF WIND WHEELS.

Two or three months after making the many experiments the sum-
mary of which is recorded on page 59, it occurred to us that it would
be interesting to know and easy to ascertain something definite as to
the gain in power effected by the removal of those portions of the arms
which usually are made to extend along the backs of sails or between
the sails of wind wheels. To represent the portions of arms previously
removed, we prepared six pieces of pine wood 1 by 1} by 17 inches.
These could be quickly attached to the backs of the pasteboard sails
by two little screws in each, and as quickly removed, as often as neces-
sary.

We found, on retesting wheel No. 48 in September, that it showed a
gain over wheel No. 2 of 84 per cent instead of the 87 per cent gained
when tested in June. We attributed this small loss to the drying and
warping of the sails, and therefore designated the retested wheel as
No. 60. The same wheel, with the six pine strips above mentioned
fastened to the backs of the six sails, was designated as wheel No. 61,
We found by repeated trials, as usual, that wheel No. 60 required, for
the wind velocity taken to produce a maximum product, a load of 1.9
pounds.

This load was the same as the best load for wheel No. 2. The coin-
cidence of best loads made the comparison of wheels No. 60 and No. 2
merely a matter of recording speeds. No time had to be consumed in
changing loads and readjustments of the brake, and the two wheels
were replaced by each other alternately in rapid succession.

The same method was pursued in comparing wheel No. 60 with wheel
No. 61, except that in this case, instead of removing from the axle and
replacing the entire wheels, we merely placed and removed in succes-
sion the six strips of pine. The table on page 61 gives the averages of
results,

It is possible that 1.9 pounds may not have been exactly the best
load for wheel No. 61. To facilitate the speed comparisons and render
mistakes of brake adjustment impossible, the load was not changed and
the adjustment of the brake was left undisturbed during these alter-
nate tests of the two wheels. We consider it altogether probable that
an exact determination and application of the best load for wheel No.
61 would not have materially changed the product as recorded. At
any rate, simply removing the six strips of pine from the backs of the
sails caused an increase in the speed of the wheel with the same load,
from 38.13 to 56.50 turns per minute, or 48 per cent.
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TWISTED SAILS.

That the angle of weather of a sail should be greatest at the end
nearest the axle and least at its outer end where its speed is compara-
tively great, seems self-evident, and the advantages to be gained by
warping or twisting the sails so as to make the weather angles increase
as they approach the center have always been recognized, at least in
theory, by windmill manufacturers, although comparatively few Ameri-
can wind wheels are made with such sails. Our best results, as shown
- in the table on page 59, were obtained with warped sails, but it does
not appear from previous experiments that the warping was by any
means the most important feature of our best wheels.

The tables on pages 51 and 53 afford, in the comparisons of wheels
Nos. 34 and 43, having twisted sails, with wheels as nearly like them
a8 possible without twisted sails, an apparent test of the advantages
gained by making the weather angles greater at the inner ends of the
sails. Judged by these two wheels the advantage is very slighf.

‘We are now satisfied that merely twisting the sails can not do much
good for the reason that what is gained in .this way by better disposi-
tion of the forward or receiving edges of the sails is largely lost by the
consequent less advantageous disposition of the rear edges from which
the wind escapes.

As we have pointed out in the discussion of the theory of the wind-
mill, the rear edge of a sail should be nearly parallel to the plane of
motion without regard to radial distance, while the forward edge should
be parallel to the relative direction of the impinging current of air,
which depends on radial distance.

This theoretical disposition wounld make the angles of weather great-
est where the sail speed is least, but is a very different thing from the
twisting of the sails, as in wheels Nos. 34 and 43.

Fig. 26, on page 61, shows a sail form more nearly in aceord with
our theory, which makes not only the angle of weather, but also the
curvature of the sail, greater with nearer approach to the center of
the wheel.

DEFLECTORS IN FRONT OF BSAILS.

In our discussion of the theory.of the windmill on pages 71 and 72 we
have called attention to the fact that our formula (E) indicates that the
efficiency of a wind wheel might be increased if the air currents, just
before meeting the sails, should be deflected so as to meet the plane of
motion at g less angle than 90 degrees. In order to test somewhat this
mathematical snggestion, the experiments recorded in the tablé on page
64 were made. Only a single deflector was used, and that a plane sur-
face. It may be noticed that when placed in front of wheel No. 2 at vari-
ous angles the deflector cansed some increase of speed in every instance,
while the load remained the same. But when placed in front of wheel
No. 49 its effect as an obstruction overbalanced its value as a deflector.

IRR 20——6
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It did not appear that deflectors would be advantageous in front of
the most efficient wheel, nor of sufficient value in connection with the
wheel of relatively low efficiency to justify the expense of such cum-
bersome appliances, We did not, therefore, consider it worth while to
experiment further with deflectors.

OBSTRUCTIONS IN FRONT AND IN THE REAR OF WIND WHEELS,

The experiments recorded on page 65 we were prompted to make on
account of the contention by certain windmill experts, that an obstrue-
tion behind a wind wheel caused about the same loss of power as if
placed in front.

Many so-called vaneless windmills had their supporting masts, or
tower tops, in front of the wheels, while the ordinary mills with vanes
had their supporting masts behind the wheels.

The obstructing boards deseribed under the table on page 65 were
intended to represent such obstractions as would be representative of
supporfing masts placed as indicated. In the case of wheel No. 2,
unloaded, the obstruction when placed in front caused a loss of speed
amounting to a little more than 3.5 per cent, and when placed behind
the loss amounted to a little over 3 per cent.

In the case of wheel No. 49, loaded, the loss of speed from placing
the obstruction in front amounted to nearly 14 per cent, and the loss of
speed from placing the obstruction behind was nearly 7 per cent.

It may be observed that 3.5 pounds is less than the best load for
wheel No. 49 (3.9 pounds), but it should be borne in mind that with all
wheels a considerable variation in the load made but little difference
with the product when near the maximum.

It might have been profitable if we had extended these experiments.
It is evident that obstructions even when relegated to the rear are not
obliterated.

MAXIMUM PRODUCTS IN DIFFERENT VELOCITIES OF WIND.

The table on page 66 indicates that maximum products vary as the
cubes of the velocities of wind almost as exactly in fact as in theory.
If there had been an exact correspondence between the results of

. b\?
experiment and the law of cubes, the figures under( (;) would exactly

equal those opposite under g . The figures under g are in some
instances a little greater and sometimes a little less than those opposite

under C;_;)s, as indicated by the plus and minus signs before the

differences given under g_ <%>3. The plus and minus signs happen

to be equal in number, showing a remarkable general agreement with
the law of cubes. Again, the law of cubes would require that the
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numbers under 4 multiplied by ( Zbi>3 should equal the correspond-
ing numbers under B. How nearly the law was actually fulfilled may
be seen by comparing the last computed column, 4 x (%)3, with the
real products of column B.

STARTING FORCES AND LOADS AT THE MAXIMUM IN DIFFERENT VELOCITIES OF
WIND.

Under the second table on page 66 we find the conclusion that ¢ start-
ing forces vary as the squares of the velocities of wind.” If the law of

2
squares had been strictly confirmed, the computed ratios under (%)

would have just equaled the actual ratios of experiment as given

under _g The agreement is quite close, but the numbers in column

B . ; .
4 are more often greater than the corresponding numbers in column

b\? . : .
(E) . So it appears that starting forces really increase in at least as

great a ratio as would conform to the law of squares. But, as we
have explained before, it should be remembered that what we have
called starting forces could neither be defined nor determined with the
same accuracy as was attainable in the case of maximum produets.
Nor could the loads corresponding to maximam produets be determined
80 accurately as the maximum products themselves, since two or three
different loads would generally give about the same product when the
product-was near the maximum. This fact made it all the more easy
to ascertain the maximum products correctly, since a little variation
from the best load was compensated for by the consequent variation in
the speed of the wheel.

The table on page 77 shows, on the whole, a fairly coustant ratio
between loads at the maximum and starting forces, from which we may
draw the conclusion that loads at the maximum vary as the squares of
the velocities of wind.

SPEEDS OF UNLOADED WHEELS IN DIFFERENT VELOCITIES OF WIND,

In the table on page 67 an inspection of columns % and g will show

that in every case but two the counted turns of the unloaded wheel in
the higher wind exceeds somewhat the number of turns computed on
the supposition that the speed of an unloaded wheel should vary
directly as the velocity of wind." The two exceptional cases may be
accounted for. We attribute this variation from the natural law in part
to the fact, previously discussed, that the axial friction diminishes as the
speed increases. Strictly speaking, the wheels, on account of unavoid-
able friction at the axle, could not be entirely unloaded.
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ACTION OF AIR ON THE SAILS OF A WIND WHEEL.

In fig. 31, AB, AB are supposed to represent cross sections of two
sails, one following the other as in a wind wheel. DE represents the
direction and velocity of the wind with respect to the earth. ARE repre-
sents the direction and velocity of the sail sections, at right angles to
DE. Then DA represents the relative direetion of wind with respect
to the sails in motion, and the front faces AA of the sails are set parallel
to DA. The rear faces of the sails B are set parallel to the plane of
the wheel’s motion, according to correct theory.

As one sail neeessarily follows another in a wind wheel, the air can
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F¥1¢ 31.——Action of air on the sails of a wind wheel.
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not escape in a direection exactly opposite to the sail’s motion, and as
the space between sails unavoidably contraets toward the rear edges
these edges may in praetice conform in some measure to the best pos-*
sible direction of escape instead of being strietly parallel to the plane
of the wheel. The placing of arms on the backs of or between the sails
would render a necessary evil worse on account of farther contraction
of space. Besides, it should be noted that the backs of the sails, as well
as their, faces, play an important part in deflecting the wind. For it is
a well-known fact that air currents cling to and follow the surfaces
along which they flow. Therefore, the backs of the sails should be
smooth and free from obstructions. 1t is evident that all the air pass-
ing between the sails is deflected and not merely that portion which
comes immediately in contact with the faces of the sails, The arrows
and dotted lines in the figure indicate the relative dlrectmn and deflec-
tion of air as it flows through the wheel

THEORETICAL EFFICIENCY OF THE WIND WHEEL.

Our general formul® and deductions previously given under theory
of the windmill are presented just as they were originally recorded
near the beginning of the year 1882. We now see no reason for alter-
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ing them in any respect, but there has been so much confusion among
- mathematical writers on wind action, that we wish to make the matter
perfectly clear in its essential points.

It is not necessary to resort to the calculus, nor even to produce the
general formule (A) and (B) in order to arrive at the theoretical effi-
ciency of a wind wheel. A very simple, graphical solution may be
shown as follows: In figs, 32 to 35, AB represents the direction and
velocity of the wind with respect to the earth; AC represents the direc-
tion and velocity of the sail, a section of which is represented by the
curved line CD; the velocity of wind AB is the same for each of the
four cases; and the several sail sections are supposed to be taken at
the extremity of a sail in fig. 32, at a distance from the center of the
wheel equal to two-thirds the radius in fig. 33, at one-third the radial
distance in fig, 34, and at one-sixth in fig. 35. We have assumed that

.
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Fias. 32-835.—Theoretical efficiency of the windmill.
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the outer extremity of the sail travels three times as fast as the wind.
That is to say,
AC =3 x AB in fig. 32,

AC =2 x AB in fig. 33,
AC =1 x AB in fig. 34,
AC =4 x AB in fig. 35.

CB represents the relative direction and velocity of the wind with
respect to the sail in each case. Neglecting friction, the relative veloe-
ity of the wind is not changed by contact with the sail. The air escapes
from the sail at D with the same relative velocity it had at C; but its
course is changed so that it escapes in a direction parallel and opposite
to that of the sail’s motion. Now, since the-sail is traveling with an
actual velocity AC in one direction while-the air is escaping with a rel-
ative velocity CB in the opposite direction, the difference between CB
and AC = BK will represen} the actual velocity of the air after it has
escaped from the sail. The remnant of velocity BK is all there is left
of*the wind’s original motion. The sail has absorbed the rest and con-
verted into work a corresponding amount of energy. A certain quan-
tity of ‘wind started with a velocity AB and gave up all its energy
except that corresponding to a velocity BK.

Now, the potential energy of the same quantity of air in motion
varies as the square of its velocity, as in the case of any other sub-
stance. Hence a square constructed on AB and another square con-
structed on BK will represent relatively the original potential energy
of the wind and the energy it still retains after encountering the sail.
These squares are shown in the figures. The small squares represent
the waste of energy or that not consumed by the sail. The relative
areas of these squares may be readily computed. Taking the large
squares as unity the small square equals 0.026 in fig, 32, 0.056 in fig. 33,
0.172 in fig. 34, and 0.382 in fig. 35. The efficiency is represented by
the difference between the squares; thus, the efficiency in fig. 32 is
0.974; in fig. 33, 0.944; in fig. 34, 0.828, and in fig. 35, 0.618.

The small squares correspond to the letter & in the formula (B) on
page 71. Compare these efficiencies with the values of 1—% as origi-
nally obtained by a very different process. There would have been no
difference if the decimals had been equally carried out in both cases.

The potential energy of the wind, as well as the useful work result-
ing from its action on a sail, varies as the cube of its velocity, because
the quantity of air coming in contact with the sail increases or dimin-
ishes with the change of velocity in the same proportion. It is only
when we consider the result of a fixed quantity of air in motion, that
its energy varies as the square of velocity and may be represented by
square areas as illustrated above.
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The work of the same quantity of air varies as the square of velocity,
because its resultant reaction against the sail varies directly as the
velocity and the sail also travels with the same proportlonal velocity.
If, for instance, 1 pound of air, acting on a sail, has its velocity doubled,
the sail travels with double velocity under doubled pressure, so that
the work is increased fourfold; and, as in reality the doubling of veloc-
ity would cause 2 pounds of natural wind to meet the sail in the same
time, the result is doubled again, making it eightfold in theory as well
as in practice.

THEORETICAL USEFUL EFFORT OF WIND.

In the figs. 35 to 39, let AB represent the direction and velocity of
wind with respect to the earth. In fig. 36 let AC = 3 AB represent
the direction and velocity of the outer extremity of a wind wheel; in
fig. 37 at two-thirds of the radius from center, AC = 2 AB; in fig. 38
at one-third the radius from center, AC = AB, and in fig. 39 at one-
sixth the radlus, AC = %AB The circular arc CD in each figure
represents correctly what the cross section of the sail at each point
should be according to theory. To make the calculation simple and
specxflc, we will consider the action of 1 pound of air only, and that;
moving at an original velocity of 32.2 feet per second.

We take this particular velocity because it requires the constant
action of a 1-pound force to give to 1 pound of air, or to 1 pound
. of any substance, a velocity of 32.2 feet per second.

To give other velocities to the 1 pound of air, requires the impelling
action of a force proportional to the velocity imparted in a second of
time. That is to say, the force required to impart to 1 pound of air

-any velocity, », is represented in pounds by 6%2

Fig. 36,
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Fias. 86-39.—Theoretical useful effort of wind.

The sail of a wind wheel moves at right angles to the direction of
wind or in the direction AC, but the wind meets the sail in motion in
the relative direction and with the relative velocity CB, and has with
reference to the sail, due to the sail’s motion, an opposite motion equal
to CA in the dlrectlon O to A in addition to its original motion. The
length of the line CB represents the velocity with which the air flows
along the surface of the sail with undiminished relative velocity,
neglecting friction, and the difference between CB and CA, or BEK,
represents the relative velocity acquired in a second by the air in a
direction parallel to CA. That is to say, by action against the sail
during one second, the 1 pound of air has acquired a relative velocity
BK in a direction parallel to CA, in addition to the relative velocity
CA which it had before meeting the sail. This newly acquired relative
velocity BK required for its generation a force reacting between the

sail and the air proportional to the acceleration of velocity. If BK
were equal to 32.2 feet, the reaction would be 1 pound. But the reac-
tion is less than 1 pound in the same ratio that BK is less than AB,
which we assumed to be 32.2 feet.

AB:BK:: 1 pound: Useful effort of wind.

So ﬁ% represents the ratio between original wind pressure in the
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direction of its original motion and the useful effort which pushes the
sail in the direction of its motion. If we lay off on BA prolonged
AH=BK and complete the rectangles ACJH, the areas of the four
rectangles in figs. 36 to 39, will represent relatively the work theoretically
performed in each case. The effort AH may be readily computed. For
the action of 1 pound of air, at velocity of 32.2 feet per second, we find
that the useful effort is 0.162 pound when the sail moves 3 times as
fast as the wind, 0.236 pound when the sail moves twice as fast as the
wind, 0.414 pound when the sail moves as fast as the wind, and 0.618
pound when the sail moves one-half as fast as the wind.

AERIAL RESISTANCE TO MOTION.

It should be noted that by far the most striking and important results
of our experiments with wind wheels were produced by cutting out
from between the sails obstructions which produced aerial resistance to
motion; and it should be profitable to study the causes which make
these aerial obstructions apparently a matter of greater moment than
all the other features of our investigation.

In the two preceding articles we have shown that the greater the sail
velocities, theoretically the higher the efficiencies, and also that the
useful efforts become smaller as the sail velocities increase.

When the sail travels three times as fast as the wind, the theoretical
efficiency is 0.974, very close to perfection; but for a wind velocity of
32.2 feet, per second, each pound of air gives a useful effort of only 0.162
pound. It is evident at once that while high sail velocity seems desir-
able, it does not require great aerial resistance to counteract a large
percentage of the useful effort. - When the sail travels three times as
fast as the the wind, a flat resisting surface of about 1 square inch set
perpendicular to the direction of .motion would counteract entirely the
useful effort due to the action of 1 pound of air. This is computed as
follows:

At a velocity of 32.2 feet per second, 1 pound of air per second under
ordinary conditions represents a stream of about 59 square inches area
in cross section; from which it follows that 59 square inches of flat sur-
face carried normally against still air at the rate of 32.2 feet per second
meets with a resistance equal to 1 pound, and at a velocity three times
as great meets with a resistance of 9 pounds. But the total useful
effort in this case is only 0.162 pound.

. 59x0.162 . .

Therefore we obtain F =5 — =1.062 squareinches =flatresist-
ing surface required completely to neutralize all useful effort of wind
whose normal pressure against 59 square inches of flat surface equals 1
pound. In like manner we find that F equals 3.418 square inches where
the sail velocity is twice the wind velocity, 24.426 square inches where
the sail velocity equals theewind velocity, and 145.848 square inches
where the sail velocity is one-half the wind velocity.
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Or if we let f be the percentage of wind area represented by F, we
find that f=0.018 when sail velocity is three times wind velocity, 0.059
when sail velocity is twice the wind velocity, 0.414 when sail velocity is
equal to wind velocity, and 2.472 when sail velocity is one-half wind
velocity.

These percentages hold good for all velocities of wind and emphasize
the necessity of reducing to the ntmost aerial resistances to motion, if
we are to attain high efficiency in a wind wheel.

BEST NUMBER OF SAILS.

An inspection of the table on page 65 shows that wheel No. 35 was
more than 3 per cent better than wheel No. 19, although the amounts of
sail surface and the angles of weather were the same in both. Wheel
No. 35 had exactly the same sails as No. 19, except that each sail of No.
35 contained two of No. 19 placed edge to edge, making 12 broad sails
instead of 24 narrow ones. By simply changing the angle of weather
from 27.5 degrees to 25 degrees, we made No. 35 into No. 36 and thus
gained nearly 6 per cent over No. 19. The wide sails did better with
less angle of weather. Wheel No. 6, with the same number of sails as
No. 19 but narrower, required a greater angle of weather, 30 degrees.

It is apparent that for a given total of sail area it is better to
divide the surface between fewer sails. It may De noted that wheel
No. 48, with six sails, gave, in proportion to total' sail area, nearly
two and a half times the efficiency of No, 2 with 60 sails. Reducing
the number of sails reduces the aerial resistance to motion due to the
number of edges, and leaves relatively freer interstices for the flow of
air between the sails.

BEST RELATIVE AREAS OF SAIL SURFACE.

Tables on pages 47 and 49 give the fcllowing results for wheels Nds.
19, 24, and 29: )

Effect of area of sail surface on efficiency.

|
No.19. No.24. No. 29,

Square feet of sail surface.................. 12.937 15. 000 17. 016
Ratio of maximum products(a).............] 1.204 1.212 1.201

@ Compared with wheel No, 2.

These three wheels were nearly of the same efficiency. As compared
with the area of the zone containing the sails, No. 19 was about three-
fourths full, No. 24 was about seven-eighths full, and No. 29 was what

we call full, as the total area of the sails about equaled the area of
" the zone containing them. These-wheels all contained the same num-
ber of sails set at the same angle, and differed only in width of the
sails. Tt is clear that nothing was gain®d by making the total sail
area more than seven-eighths of the zone, and that very little was
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gained by filling beyond three fourths of the zone—surely not enough
to pay for the extra material.

From the table on page 65 we obtain the relative values of these
three wheels per square foot of sail surface, viz, for No. 19, 0.0931; for
No. 24, 0.0808; and for No. 29, 0.0706. Notice also the relative values
per square foot of sail surface as given for other wheels in this table.

ACTUAL EFFICIENCY OF THE WIND WHEEL.

To obtain the actual efficiency of wind wheel No. 2, taking the resunlt
recorded in the table on page 27, we first obtain the maximum work
performed by multiplying the maximum product by the circuinference
of a circle whose diameter is 2 feet. (See note under the table on
page 28.)

’ ) 62.463 = maximum product in the table.
6.283 feet = circumference of circle 2 feet in diameter.

62,463 x 6.283 = 392.455 foot-pounds per minute ='work of wind

wheel No. 2 at maximam. .

The potential energy of the wind is expressed by the well-known
formula vg; 3;‘; X Q’ in which we make W= weight of air inter-
cepted per second by the total area of the wind wheel. v = velocity
of wind in feet per second, and g =32.2, the velocity acquired each sec-
ond by a body whose motion is not resisted when impelled by a con
stant force equal to its own weight. The temperature as recorded
was 50° F., and on the same day at 2 p. m., in Chicago, the barometer
stood at 28.983. Hence 0.075 pound may be taken as the weight of
1 cubic foot of air, 19.635 square feet as the total area of the wheel
which was 5 feet in diameter, and 12.286 feet per second, or 8.403 miles
per hour, as the velocity of wind. Thus, W = 19.635 x 12.286 x 0.075

2
= 18.093.pounds per second, v> = 150.946, and W;:; = 18'0923;312? 946
= 42,4078 foot-pounds per second, or 2544.468 foot-pounds per minute.
The portion of actual energy of wind utilized by wind wheel No. 2,

or its efficiency, is accordingly 235941%45(?8 =0.154 +. ’

To obtain the efficiency of any other wind wheel whose maximum
product is directly compared with maximum product of wheel No. 2 as
shown in the tables of later date than March 13, 1883, it is only neces-
sary to multiply 0.154, the efficiency of wheel No 2, by the ratio of
products obtainable from the various tables.

For example, in the table on page 59 we find 1.872 given as the ratio-of
maximum products for wheels No. 48 and No. 2. Hence, 0.154 x 1.872
=0.288 is the efficiency of wheel No. 48. This is the highest efficiency
attained by any of the wheels whose products are recorded in the pre-
ceding tables.
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WORK OF VARIABLE WIND WITH VARIABLE LOAD.

In most localities the velocity of the wind is exceedingly variable.
The average of velocity recorded for an hour by an anemometer gives
no ideaof the total actual energy of the wind.

It might in conception be actually of uniform velocity, but where the
average velocity is 10 miles per hour it is quite as likely to blow one-
half the time at the rate of 20 miles and during the other half not at
all. The potential energy of 20-mile wind for half an hour is four times
as great as that of a uniform 10-mile wind for a whole hour, although
the average velocity per hour in each case is the same.

This is taking an extreme case, but it shows how the wind as it
blows may and does develop much more energy than could be derived
from uniform wind of equal velocity as usually recorded. It would be
desirable, if possible, to have the load applied to a wind wheel vary as
the square of the velocity of wind, in order that the work might be
the greatest possible. Any fixed load which allows the wheel to run
freely most of the time is generally altogether too small during mueh of
the time as well as too great at other times, For most nses to which
wind wheels are especially adapted an automatic regulation of the load
to meet the varying wind would make the best form of wind wheel
regulation.

REGULATION OF WIND WHEELS.

Ordinarily wind whéels in this country are made to regulate them-
selves automatically, so that they can not attain a very rapid rate of
rotation. This practice of not allowing the wheel to run at more than
a very moderate speed is due to the fact that our wind wheels have
been developed mostly in connection with the operation of common
reciprocating pumps attached directly to a crank on the. shaft of the
wheel. Such direct connection necessitates a slow motion of the wheel,
in order that the piston speed of the pump may not exceed its econom-
ical limit. The consequence is that many wind wheels are allowed to
do only a small part of the work which they are capable of developing.
Too much attention has been paid to restraining automatically the
speed of wind wheels by means which involve a waste of power. So
far as the safety of the wheel itself is concerned there should be no
need of restraining its speed in any wind under 40 miles per hour; and
it should be borne in mind that strains on the wheel, due to any given
amount of work, may be diminished in the same ratio that the speed of
the wheel is increased.

The gearing of a wind wheel, whether it is geared up or down, should
be made to suit the work and the nature of the device through which
the power of the wheel is applied to use. When the machine driven
requires a high speed of revolution, much gearing up may be avoided
if the wind wheel is allowed to revolve rapidly. Back gearing for slow
running machines should be resorted to whenever a direct connection

o
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with the machine to be driven will not allow the driven mechanism
and the wind wheel both to have their best speeds with reference to .
work and wind.-

For any given velocity of wind the speed of the wind wheel should
not change, no matter what the nature of the work or of the machine
through which work is performed; but the gearing should be such as
to suit the load to the wind. N

LIMITATION TO S1ZE OF WIND WHEELS ON ACCOUNT OF WEIGHT,

Probably in no other form of motor does a gain in efficiency effect so
great a saving in weight as in the wind wheel. The strength of other
motors needs to be proportional to their own power. A 4-horsepower
steam engine for instance does not need to weigh more than four
times as much as a 1-horsepower engine, as the strains to which it
is subjected are only four times as great. But a 4-horsepower wind
wheel needs to be eight times as heavy as a l-horsepower wheel in
order to resist equally well the violence of exceptional storms. It is
the strains of storms, and not its own working strains, that determine
the required strength of a wind wheel.

Consider a single sail A supported on the end of an arm fastened to
a central spider. Let L — length of the arm from center of wind pres-
sure on sail to point of attachment to spider. If the wind wheel is
doubled in diameter, keeping the same proportions, L will be doubled
and the area of A will be four times as great. Hence the arm needs to
resist four times the wind pressure acting at double the former distance
out from its point of attachment, and needs to have eight times its
former strength. This eightfold strength is secured by doubling all
lineal dimensions, as evidently should be done, when the diameter of a
wind wheel is doubled.

But the doubling of all lineal dimensions makes the wheel weigh
eight times as much, and as its area is only four times as great, it
follows that, in proportion to its power, the weight of the wheel is
doubled.

As actually made, all the dimensions of large wind mills do not con-
form strictly to the proportions of small mills, and often the large
wheels are built after different models from small ones. But it is well-
known that the large wheels as built do not resist storms so well as
small ones, and costly experience has taught manufacturers to make the
weight of their large wheels at least approx1mately what calculation
requires.

On account of the disproportionate weight of large wind wheels, the
towers which support them also have to be made considerably heavier
than would be the case if the large wheels required no more material
in proportion to power than do small wheels. If the tower for a large
wind wheel were of correspondingly greater height, the weights of towers
would follow the same law that should control the weights of wheels,

It is evident that small wind wheels™ are more efficient in proportion
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to weight than large ones, and that the cost of construction, as the
wheels are made larger, is increased in much greater proportlon than
the gain in power.

EFFICIENCY OF WIND WHEELS AS AFFECTED BY DIAMETER.

Another reason why small wind wheels are more efficient than large
ones is that the wind meets all parts of the area of a small wheel with
greater uniformity of velocity. It needs no special acuteness of obser-
vation to discover that the wind strikes different portions of large
wheels with great unevenness of velocity. '

Before commencing the experiments here recorded we attempted to
measure the power of a wind wheel 22 feet in diameter in natural wind.
By way of preparation we made a special anemometer, which indicated
at sight the velocity of wind. We placed the anemometer as near to
the wind wheel as possible, expecting to be able to note where its
pointer stood and know the wind velocity for a minute of time, during
which the revolutions of the wheel carrying a known load might be
counted. The first thing we learned was that the anemometer never
pointed steadily to any uniform velocity of wind even for one-fourth
of a minute, and we next observed that the anemometer would some-
times almost stop running when the wind wheel showed an extra spurt
of speed; also the wind wheel would slow down while the speed of the
anemometer was accelerated. We could often hear the wind whistling
through the sails on the opposite side of the wind wheel, while very
little wind was felt on the near side close to the anemometer. We were
unable to obtain a single measurement which we considered worth
preservation. We could not determine even the best load for any
wind, to say nothing about comparative results. We do not doubt
that localities might be found where the wind would blow with greater
uniformity, but our experience in trying to measure the power of
wind wheels in natural wind led us to provide for artificial wind before
proceeding further. The slight variations in the best artificial wind
we could command caused a great abundance of vexations, which
made the obtaining of accurate average results a matter of tedious
labor.

3
HEIGHT OF TOWERS.

Nothing like steady wind can be obtained near the ground in an
inhabited country. Buildings, trees, and other obstructions set the
wind to whirling and cause it to flow in sinuous streams of very uneven
velocity, concentrated in one place at the expense of another.

There is no effective remedy except in the elevation of the wind
wheels several feet at least above all obstructions, even if the obstruc-
tions are isolated and a thousand feet away. In order that a large
wind wheel may be as efficient in proportion to its area as a small
wheel, its height above the ground must be greater. So it is probably
not far out of the way to say that the weights of the towers as well as
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the weights of the wind wheels, for equal safety and efficiency, should
be nearly proportional to the cubes of the diameters of the wheels.
MU\LTIPLICATION OF WIND POWER.

We have shown that for equal safety in storms the weights of wind
wheels of different sizes and like forms should be proportioned to the
cubes of their diameters. It would require four 12-foot wheels to equal
the area and power of one 24-foot wheel, if the larger wheel is propor-
tiofdately elevated. But the weight of the one 24-foot wheel would be
twice as great as the combined weight of the four 12-foot wheels, and
the weight of the one higher tower would probably be twice that of
the four shorter towers combined. Hence it would seem that in pro-
portion to the power obtained in each case, the one 24-foot wheel would
cost twice as much in material. The thought naturally presents itself
that the four 12-foot wheels ought in some way to be combined so as to
act in unison for concentrating a great amount of power where it is
desirable to use the power at only one point, as in driving one machine
of large dimensions. If the four wheels were coupled together rigidly
the trouble from uneven reception of wind which is experienced in
large wheels would be augmented. The problem has not been worked
out, but we may imagine a number of wind wheels, each compressing
air according to its own ability and delivering it at any distance into a
common reservoir. Natural elevations would be selected as locations
for windmills, and such a plant could not be rendered useless for the
time by an accident to one or two of the wind wheels. There would
necessarily be considerable loss in compressing air, but a low-pressure
system might be devised that would greatly reduce the waste. Some
waste of power attends every mode of transmission. In seeking to
make a gain in power of 100 per cent in proportion to cost of plant,
the loss of an extra 25 per cent in transmission might well be tolerated.

There may, however, be other and better metlods for accomplishing
the object in view than by the means we have ventured to suggest.

POWER OF TWELVE-FOOT WIND WHEEL.

The maximum product of our best experimental wheel, No. 48, is given
as 247.123 in the table on page 59, and the velocity of wind as 10.935
miles per hour.

The constant 6.283 multiplied by products gives the foot-pounds of
work per minute. Hence 247,123 x 6.283 = 1552.674 foot-pounds = work
per minute of No. 48 in wind of 10.935 miles per hour.

The work of 5-mile wind compared with the work of 10.935-mile wind

is (l—ofmyor 0956, Hence, the work of No. 48 is, in 5-mile wind,
1552.674 x .0956 or 148.345 foot-pounds. The work of a 12-foot wheel
in 5-mile wind is 148.345 x ( %)z or 854.467 foot-pounds, which is equal
to 0.0259 horsepower.
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It is, therefore, approximately correct to call the power of a 12-foot
wind wheel in 5-mile wind equal to one-fortieth of a horsepower. Oom-
puting the power of other wind velocities according to the law of cubes,
we obtain for the power of a 12-foot wheel, one-fortieth or 0.025 horse-
power in 5-mile wind, 0.2 horsepower in 10-mile wind, 0.675 horsepower
in 15-mile wind, 1.6 horsepower in 20-mile wind, 3.125 horsepower in
25-mile wind, 5.4 horsepower in 30-mile wind, 8.575 horsepower in 35-mile
wind, and 12.8 horsepower in 40-mile wind.

Most 12-foot wind wheels, as now made, are strong enough to stahd
the strain of furnishing 13-horsepower, and this we believe is not beyond
the actual achievement of some 12-foot wind wheels in 40-mile wind.

VALUE OF MATHEMATICAL FORMULZ IN EXPERIMENTAL INVESTIGATIONS.

The formule which Professor Rankine and other mathematicians
have applied to wind wheels give for maximum theoretical efficiency
only 50 per cent of the potential energy of the wind actually intercepted
by the sails. Our experimental wind wheel No. 48 realized an efficiency
of more than 44 per cent, if we consider only the wind which would be
intercepted by a surface equal to the projections of the sails on the
plane of the wheel. So, if we should aceept previous mathematical cal-
culations as correct, we have already made a wind wheel which utilizes
88 per cent of the greatest possible theoretical result, and the remain-
ing 12 per cent margin would not furnish very great incentive to
attempts at improvement. Mathematicians hitherto have treated the
sails of wind wheels as flat sarfaces. Even.for flat surfaces their
theoretical results have been entirely too small; but it is not our
purpose to discuss previous mathematical errors. Wind-wheel sails of
proper form are not flat, but curved surfaces, and in analyzing the
action of wind on curved sails we have not contradicted Rankine’s
formula®, but have confined ourselves to making such suppositions as
may be actually true in practice. Rankine’s formulse for the action of
fluids on curved vanes give as a theoretical result a maximum efficiency
of 100 per cent. This is correct. It shows that we have not made a
very efficient wind wheel yet, and affords hope for the attainment of
still better results in the future. We know that there is a great waste
of energy somewhere, even in the best wind wheels we have been able
to produce, but we are encouraged to think that mueh of the waste can
be avoided. We do not claim, therefore, that our experiments have
revealed the whole truth. In fact we believe that only a beginning
bas been made, and fully expect to see our best results greatly sur-
passed. In our view, the results of our experiments, as here recorded,
are far richer in the suggestions offered than in the efficiencies realized.
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